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Energy saving policies applied to modern buildings, tighter building envelopes, and decline in 
outdoor air quality promote the escalation in levels of indoor air pollutants. In recent years, 
concerns regarding the impact of indoor air quality (IAQ) on human health especially in well-
insulated buildings in metropolitans have created a pressing need for reliable air remediation 
technologies. Heterogeneous ultraviolet photocatalytic oxidation (UV-PCO) has been put 
forward as an efficient method to ameliorate IAQ via catalytic degradation of harmful organic 
compounds to benign final products.  
In this context, developing highly photoactive and durable photocatalysts that can perform 
satisfactorily under realistic conditions is sought after to expedite UV-PCO systems 
commercialization. Photocatalyst‟s performance is a function of several interconnected features: 
crystallinity, crystal phase and size, surface area, porosity, surface chemistry, light-harvesting 
ability, exposed facet, and charge-separation efficiency. In this regard, thanks to their unique 
morphology and multimodal porosity, hierarchical photocatalysts can incorporate high molecular 
diffusion/transport, superior light harvesting, and large surface area. Template-free 
hydrothermal/solvothermal route is a green, versatile, and less costly strategy for fabricating 
hierarchical photocatalysts with controlled characteristics.  
Taking into account the above-mentioned merits of hierarchical photocatalysts and hydrothermal 
synthesis method, the core objectives of this research are: 
1) Synthesize hierarchically porous titanium dioxide materials with enhanced photoactivity 




2) Explore the complex preparation-property-performance relationships for titanium 
dioxide photocatalysts utilized in photocatalytic air purification. 
3) Examine the role of photocatalyst‟s morphology in photocatalytic degradation by 
developing several potentially promising structures and assess their performance.   
4) Investigate the improvement in photocatalytic filter activity and stability with combining 
hierarchical titanium dioxide with carbonaceous support.  
5) Evaluate the activity of photocatalysts under realistic operating conditions to provide 
reliable information regarding the capability of UV-PCO air purifiers.    
To accomplish these goals, a large number of TiO2 photocatalysts are synthesized by 
systematically varying the hydrothermal preparation parameters (e.g. time, temperature, pressure, 
pH, solvent, titanium precursor, calcination temperature, etc.). Accordingly, by means of 
comprehensive characterization, the influence of synthetic methodology on textural, 
morphological, and crystallographic properties of photocatalysts is investigated. In the last stage, 
the performance of photocatalyst is evaluated by degradation of two prevalent indoor air 
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1.1. Indoor air quality issue 
Indoor air pollution is currently regarded as one of the main environmental risks to public health 
according to the environmental protection agency (EPA) [1]. Owing to the fact that nowadays 
people spend most of their time (more than 90% [2]) in an indoor environment, indoor air quality 
(IAQ) has a significant impact on human health, comfort and productivity [3]. Therefore, indoor 
air quality has been increasingly becoming a pressing concern to public health officials and a 
challenging research topic. It has been shown that a long-term exposure to indoor air pollutants 
can be detrimental to human health and lead to Sick Building Syndrome (SBS), Building Related 
Illnesses (BRI) and in extreme cases cancer [4]. In non-industrial buildings, pollutants mainly 
originate from outdoor polluted air (through infiltration or ventilation process) and emissions 
from indoor sources. Accordingly, levels of pollutants in indoor environment can be higher than 
those of outdoor air due to the contribution of indoor sources such as combustion by-products, 
building materials, occupant-related activities, office equipment (e.g. printers and computers), 
and consumer products [4, 5]. It is noteworthy that two of the central reasons for poor IAQ in 
modern buildings are the tight building envelopes and the reduced ventilation rate, which limit 
the air exchange. Volatile organic compounds, nitrogen oxides (NOx), carbon monoxide (CO), 
and particulate matter are among the main indoor air pollutants. In most commercial and 
residential buildings, volatile organic compounds are the primary source of poor IAQ. VOCs 
encompass various chemical groups: alkanes, alcohols, aldehydes, ketones, esters, terpenes, 
aromatic hydrocarbons, etc. The potential harmful health effects of VOCs are irritations of upper 
respiratory system, sinus infection, allergic reaction, asthma, headache, fatigue, poor 
concentration, nausea, and dizziness [6]. Despite the fact that VOC concentrations are relatively 
low in non-industrial environments, the high potential for many VOCs‟ presence in indoor air to 
cause symptoms is a result of both additive and synergistic effects [7].  
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1.2. IAQ control methods in buildings 
1.2.1. Dilution  
The most conventional and utilized approach to lower the levels of air pollutants in buildings is 
dilution through ventilation. In this method, the outdoor air is introduced into the heating, 
ventilating, and air conditioning (HVAC) system and mixed with the recirculated indoor air. The 
design and operation of the HVAC system should guarantee a safe environment for the 
occupants and also minimize the energy consumption. A considerable portion of Canada primary 
energy consumption is associated with HVAC operation in buildings. In this regard, one must 
keep in mind that in countries with extreme climates (such as Canada), in many periods 
throughout the year, the outdoor air does not satisfy the comfort temperature and humidity levels 
required for residential/commercial buildings. Consequently, a huge amount of energy needs to 
be consumed to heat, cool, humidify, or dehumidify the outdoor air to reach the acceptable 
thermal comfort level. This can substantially elevate the energy cost associated with building 
operation and put a limit on the maximum allowed ventilation rate. On the other hand, it should 
be highlighted that the dilution method is only effective when the outdoor air is cleaner than the 
indoor air, which is not necessarily true in metropolitans considering the drastic climate changes 
in recent years.  
1.2.2. Adsorption 
Most air cleaners used in air handling units of buildings for removing gaseous contaminants such 
as VOCs are based on the adsorption phenomenon. During the adsorption process, the challenge 
compounds are transferred from the gas phase to the solid phase. Activated carbon (AC), 
zeolites, and clays are among the most investigated adsorbents for VOCs removal owed to their 
large surface area, porous structure, and high adsorption capacity. Despite the fact that 
adsorption, especially on activated carbon, is very effective for air cleaning, this method suffers 
from a number of shortcomings. The first issue is the deactivation or performance drop of the 
filter, which necessitates frequent replacement or regeneration of the adsorbent. This issue is 
exacerbated by the lack of experimental data on the breakthrough times of adsorbents for 
operation under actual conditions (i.e. low VOC concentration). Secondly, since pollutants are 
solely transferred from one medium to another, saturated or used adsorbent filter can be a source 
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of pollution and poses environmental concerns. Moreover, at high airflow rates, the pressure 
drop associated with the air filter can be significant and increase the energy demand.  
1.2.3. Purification 
In recent years, increased awareness regarding the impact of IAQ on human health and the 
growing need for energy efficient buildings have resulted in a great deal of research in the field 
of indoor air purification. Accordingly, numerous air purification technologies have been 
developed: UV-PCO, catalytic oxidation, thermal and non-thermal plasma, catalytic plasma, and 
ozonation. These technologies cannot only improve the air quality, but also by lowering the 
ventilation rate lead to a considerable decline in building energy consumption (i.e. energy cost) 
[8]. The main advantage of these strategies, with respect to adsorption, is that the pollutants are 
ideally decomposed to innocuous products; therefore, less maintenance is required. Furthermore, 
normally these oxidation-based remediation systems bring about a lower pressure drop, resulting 
in smaller fan sizes for the HVAC units and thereby a lower energy demand. An air purification 
system should be evaluated from different aspects: long-term performance, energy consumption, 
capital cost, effectiveness for wide range of indoor pollutants, and last but not least the amount 
and type of by-products produced during the process.  
Among various methods developed so far to enhance IAQ, photocatalytic oxidation has gained 
considerable attention for removal of gaseous pollutants at low concentrations (i.e. part per 
billion (ppb) level). PCO technology is founded on the application of semiconductor catalysts, 
generally a metal oxide semiconductor with an appropriate band gap energy, and UV light to 
convert challenge compounds into less harmful products [9, 10]. Room temperature operation, 
low pressure drop, medium to high efficiency for many common air pollutants, destruction of 
airborne microbes, low energy consumption, and compatibility with HVAC are the most 
acknowledged benefits of PCO technology. Despite these upsides, deactivation of photocatalyst 
(i.e. gradual decline in pollutant removal efficiency), low efficiency under severe operating 
conditions, and generation of unwanted by-products are the main limitations of this method. 
1.3. Research objectives 
In photocatalytic oxidation, like any other catalytic reaction, photocatalyst plays a critical role. 
Therefore, designing and synthesizing highly photoactive and durable photocatalysts is of great 
importance to boost the efficiency and to prolong the lifetime of PCO systems. In this context, 
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optimization of photocatalyst‟s key characteristics including crystallinity, crystal phase, crystal 
size, specific surface area, porosity, surface chemistry, and exposed crystal facet is crucial and 
indeed a very challenging endeavor. The main reason is that these properties usually take 
conflicting pathways during preparation; therefore, it is difficult to optimize each characteristic 
without jeopardizing the others. A viable approach to tackle this issue is to find the optimal 
trade-off among the key parameters at which the maximum performance can be achieved. 
However, to do so, one needs deep understanding of the relationships between preparation-
property and property-performance. Elucidating such connections for TiO2-mediated 
photocatalytic oxidation of indoor air pollutants is one of the ultimate goals of the present 
research.   
In the past 10 years, hierarchical materials have received tremendous academic interest in 
various fields including semiconductor-mediated environmental remediation. There are a limited 
number of works specifically designed to assess the efficacy of hierarchical titanium dioxide 
photocatalysts for air purification. However, in these works the performance of photocatalysts 
was determined at ideal operating conditions which cannot provide solid information about their 
actual performance. Motivated by this research gap and considering the unique properties of 
hierarchical TiO2 materials for photocatalysis, fabrication of highly photoactive hierarchically 
porous titanium dioxides tailored for removal of pollutants at extremely low concentration is 
another major objective of this research.  
1.4. Approach and methodology  
To realize the above-mentioned objectives, the following stages were taken into consideration 
chronologically:  
1. Design and implement of the test-rig  
 A small-scale photoreactor, resembling the air-handling units of buildings, was 
constructed and installed.  
 The calibration, validation, and operation of the set-up under wide ranges of 
operating conditions were performed.  
2. Development of coating technique and selection of support material 
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 Among considered methods (dip-coating, spray-coating, film-coating, sol-gel, etc.), 
a facile and straightforward coating process, pipetting technique, was developed and 
employed. 
 The homogeneity of coating was assessed by scanning electron microscopy (SEM) 
and energy dispersive spectroscopy (EDS) elemental mapping.  
 Nickel (Ni) foam filter was chosen as titanium dioxide support due to its mechanical 
stability, inertness to light, low affinity and adsorption capacity for VOCs, and 
compatibility with the coating technique.  
3. Adsorption of VOCs on various titanium dioxide photocatalysts 
 Comprehensive Fourier transform infrared spectroscopy was performed to 
investigate the nature and density of surface hydroxyl (OH) groups. 
 Adsorption isotherms and breakthrough behaviors were studied for toluene and 
methyl ethyl ketone at three humidity levels and six inlet concentrations. 
 The impact of relative humidity on adsorption process and the interaction between 
VOCs and titania photocatalysts were explored. 
4. Photocatalytic degradation of various VOCs on titanium dioxide photocatalysts 
 Impact of operating conditions including relative humidity, airflow rate, light 
intensity, and VOC inlet concentration on removal efficiency and by-products 
generation were investigated. 
5. Synthesis, characterization, and performance evaluation of hydrothermally-prepared 
titanium dioxide photocatalysts 
 Employing the hydrothermal/solvothermal preparation route, a huge number of 
titania photocatalysts were fabricated, characterized, and tested for removal of VOCs 
(toluene or MEK).  
 The impacts of hydrothermal preparation conditions including time, temperature, 
pressure, medium pH, type of acid/base, type of reaction solvent, type of titanium 
precursor, and calcination temperature on key properties of developed TiO2 samples 
were studied. 
 Detailed characterization was conducted via X-ray diffraction (XRD), N2 adsorption-
desorption, field emission SEM (FE-SEM), transmission electron microscopy 
(TEM), FTIR, UV-vis spectroscopy, photoluminescence (PL), thermo gravimetric 
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analysis (TGA), hydroxyl radical analysis, and X-ray photoelectron spectroscopy 
(XPS). 
 Variations in structure of TiO2 with preparation parameters were discussed 
considering the physical and chemical phenomena (e.g. Ostwald ripening, hollowing 
effect, surface protonation, and crystallization) during hydrothermal treatment. 
 Photocatalysts were tested under severe operating conditions to acquire reliable 
information for actual applications.  
 Connections among the preparation conditions, photocatalyst‟s properties, and the 
performance were highlighted and explained. 
 Considering the detected by-products in the gas phase, tentative detailed reaction 
pathways for VOC photodegradation were proposed. 
6. Combination of hierarchical titanium dioxide and activated carbon 
 The adsorption capacity of “titanium dioxide/activated carbon” was evaluated and 
compared to that of hierarchical titanium dioxide for MEK. 
 The photocatalytic reaction rate and by-products generation for titanium 
dioxide/activated carbon were assessed and compared to those of activated carbon 
filter, commercial P25, and hierarchical titanium dioxide. 
 The concept of in-situ regeneration of activated carbon via photocatalysis was 
investigated. 
1.5. Limitations of the research 
 The performance of developed photocatalysts was assessed at realistic operating 
conditions; nonetheless, the experiments were carried out in a small-scale photoreactor. 
 During photocatalysts design and fabrication, the following aspects were not of primary 
concern: (i) cost of titanium precursors, solvents, additives, and equipment; (ii) amount 
and nature of produced chemicals during catalyst preparation and waste management; 
and (iii) possible environmental impacts of the preparation route. 
 Long-term activity of yielded photocatalysts under severe operating conditions was not 
evaluated. 
 Energy consumption associated with the PCO air cleaning system was not determined. 
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1.6. Thesis outline 
Chapter 1- Introduction 
Chapter 2- Literature review – Chapter 2 offers an overview of the topics that have been 
studied in order to carry out this research project. Section 1 of Chapter 2 provides a brief 
introduction to the basics of photocatalysis in the gas-phase and band gap model. In sections 2 
and 3, titanium dioxide and its main properties, and hierarchical photocatalysts are respectively 
reviewed. Principles of hydrothermal/solvothermal synthesis including the most influential 
preparation factors are introduced in section 4. Section 5 gives a quick summary of 
chemical/physical coating methods utilized for deposition of titanium dioxide on various support 
materials. Sections 6 and 7 present a brief literature review on the influence of operating 
conditions (e.g. relative humidity, residence time, etc.) on photocatalytic processes as well as the 
proposed reaction pathways and intermediates/by-products for common VOCs.  
Chapter 3- Methodology – The 1st, 2nd, and 3rd sections of this chapter describe the design and 
implementation of the small-scale continuous flow photoreactor, the experimental procedures for 
adsorption and PCO tests, analytical methods, and details of the coating process. The last section 
of this chapter deals with a brief description of theory and application of adopted photocatalyst 
characterization techniques.  
Chapter 4- Adsorption and photocatalytic oxidation performance of commercial titanium 
dioxide photocatalysts – The first section focuses on mere adsorption of toluene and MEK onto 
different titanium dioxide photocatalysts. In this section, a comprehensive FTIR study is carried 
out and toluene/MEK adsorption isotherms at different humidity levels are obtained. In the 
second part of this chapter, the photocatalytic activity of four photocatalysts towards toluene and 
MEK at wide ranges of operating conditions is evaluated.      
Chapter 5- Photocatalytic activity of hydrothermally/solvothermally prepared titanium 
dioxide photocatalysts- This chapter is dedicated to investigation of various hydrothermal 
preparation parameters and their effects on photocatalysts‟ properties and performance. In 
sections 1 through 4, hydrothermal time, temperature, pressure, solution pH, type of acid/base, 
solvent, titanium precursor, morphology, and calcination temperature are meticulously studied. 
In section 5, combination of titanium dioxide and activated carbon filter for enhancing the 
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stability of photocatalytic system is examined. In addition, the concept of in-situ regeneration of 
activated carbon via photocatalysis is introduced and assessed.      
Chapter 6- Conclusions and recommendations – This chapter presents a summary of the 






















2. Literature review 
2.1. Fundamentals of photocatalytic oxidation 
Heterogeneous catalysis involves an interaction between solid and reactant molecules in the gas 
phase. There are two characteristics namely UV light participation in energy initiation and 
occurrence of photochemical reactions at photocatalyst surface which differentiate PCO from 
classic catalytic reactions. The overall UV-PCO process can be broken down into the sequence 
of individual steps depicted in Figure 2.1: 
 
Figure ‎2.1 Steps in a heterogeneous photocatalysis 
1) Advection  
2) Mass transfer of the reactants from the main flow to the exterior surface of the catalyst  
3) Molecular diffusion of the reactants from the exterior surface of the catalyst particle into the 
interior pore structure 
4) Adsorption onto the catalyst surface 
5) Photochemical reaction on the catalyst surface 
6) Desorption of the reaction product(s) from the surface of catalyst 
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7) Mass transfer of products from the catalyst interior pores to the surface by molecular diffusion 
and/or Knudsen diffusion, followed by external diffusion to the main flow   




) pair, which requires the 
illumination of semiconductor, absorption of photons with sufficient energy, and promotion of 
electrons from the valence band (VB) to the conduction band (CB). According to the band gap 
model, VB electrons are transferred to the CB when semiconductor is illuminated with photons 
having energy content equal or higher than the band gap. From a thermodynamic point of view, 
VB holes can oxidize adsorbed compounds if the redox potential of the VB is more positive than 
that of the adsorbates. Similarly, CB electrons can reduce adsorbed species if they have a more 
negative redox potential than the adsorbates. The photogenerated charge carriers participate in a 
series of reactions with other molecules such as oxygen and water and produce highly reactive 
radicals (such as hydroxyl radicals (
•
OH)). After being adsorbed onto the surface, pollutant 
molecules come into contact with the produced reactive species and break down to lower 
molecular weight products and eventually to CO2 and water (depicted in Figure ‎2.2).  
 
Figure ‎2.2 Reaction mechanisms of PCO on catalyst particle [11] 
The basic PCO reaction mechanism using TiO2 can be regarded as follows: 
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Apart from their beneficial participation in oxidation and reduction reactions, electrons and holes 
also go through recombination process where they neutralize one another. The recombination of 
charge carriers, whether in the bulk or on the surface, drastically decreases the quantum 
efficiency and PCO performance. The time scale for generation, trapping, recombination, and 
interfacial charge transfer reactions on the surface of TiO2 photocatalyst is provided in 
Figure ‎2.3. As can be noted, recombination of electron and hole pairs happens in the order of a 
few nanoseconds, while interfacial charge transfer reactions may take hundreds of nanoseconds.  
 
Figure ‎2.3 Photoinduced reactions in TiO2 photocatalysis and the corresponding time scales [12] 
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2.2. Titanium dioxide photocatalyst 
Among a wide spectrum of photocatalysts (e.g. TiO2, ZnO, ZrO2, SnO2, WO3, CeO2, ZnS, and 
Fe2O3), TiO2, as the most promising photocatalyst, has been the focus of majority of the works 
owing to its moderate performance as a photocatalyst under UV light irradiation, chemical 
stability, and suitable positions of valence and conduction bands [13]. Energy positions of VB 
and CB govern the ability of photocatalyst to engage in photoinduced electron/hole transfer with 
given adsorbed species. Band gaps, and VB and CB positions of some common semiconductors 






OH) redox couples are 
brought in Figure ‎2.4. Unlike most of the semiconductors, the VB redox potentials of both 




OH) redox couple. As a result, 
adsorbed water and hydroxyl groups can be oxidized to hydroxyl radicals on both excited rutile 
and anatase surfaces. On the other hand, the CB redox potential of anatase is more negative than 
that of (O2/O2
•−
), allowing formation of superoxide radical anions (O2
•−
).   
 
Figure ‎2.4 Band positions of some typical photocatalysts [14] 
Titanium dioxide has three main crystalline states: anatase, rutile and brookite (shown in 
Figure ‎2.5). Rutile is a thermodynamic stable state, while anatase and brookite are metastable 
state. The building block of all three crystal forms of TiO2 is TiO6 octahedra but with a different 




Figure ‎2.5 Crystalline structure of TiO2 in different phases: (a) anatase, (b) rutile, and (c) brookite  
[16]  
Titanium dioxide has a relatively large band gap: 3.23, 3.02, and 3.14 eV, for anatase, rutile and 
brookite phases, respectively [17]. The valence band of TiO2 is composed of the 2p orbitals of 
oxygen hybridized with the 3d orbitals of titanium, while the conduction band is only the 3d 
orbitals of titanium [18].   
The photocatalytic activity of TiO2 depends on several factors including crystallinity, crystalline 
phase, crystal size, accessible surface area, pore structure, pore size, and surface chemistry. It is 
generally accepted that the differences in the photocatalytic activity result from joined effects of 
several electronic, textural and structural factors. As a result, an efficient TiO2 photocatalyst 
should possess simultaneously an appropriate phase structure with textural and electronic 
properties since lack of one of these criteria leads to a sharp decline in photoactivity. 
2.2.1. Effect of photocatalyst crystallinity and crystal size 
Light harvesting, charge carrier generation (i.e. electron excitation) and separation, and charge 
migration to the surface exert significant influence on the quantum efficiency and photocatalytic 
activity of TiO2. Due to the fact that recombination process is facilitated by the presence of 
lattice defects, crystal imperfections, and impurities, much attention has been paid to the 
achievement of high bulk crystallinity in order to enhance the photon utilization efficiency [14]. 
Anatase and rutile are the most common crystalline forms and the most investigated for 
photocatalytic applications. It is generally recognized that anatase is more active than rutile, 





(ii) higher affinity towards O2 due to the more negative redox potential of CB; (iii) higher 
amount of surface hydroxyl groups; and (iv) lower recombination rate than rutile [5, 19]. 
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Hajaghazadeh et al. [20] ascribed the higher initial mineralization rate of methyl ethyl ketone 
over P25 and PC50 compared to that of PC500 to the slow decay of charge carriers in P25 and 
PC50, which was also reported by other researchers [21, 22]. Similar behavior has been found by 
Thevenet et al. [23] in acetylene degradation over P25 and PC500; however, the superior activity 
of P25 was rationalized differently. The authors speculated that since P25 particles are single 
crystallites, the electron migration to the surface is easier/faster than in PC500 where electrons 
have to cross crystallites interfaces. Taranto et al. [24] claimed that higher initial reaction rate of 
n-octane over P25 and PC105 compared to PC500, despite their lower surface areas, could arise 
from their preparation methods at high temperatures which led to lower structural defects. 
Besides crystallinity, several authors have stressed the critical role of crystal size in PCO 
reactions in the gas phase. It has been proposed that small particle size of UV100 (~10 nm) 
results in a better balance between surface and bulk recombination [25, 26]. Alonso-Tellez et al. 
[25] argued that this feature of UV100 is the key reason for its superior performance in 
comparison to P25 in photocatalytic oxidation of MEK. Furthermore, it was observed that nano-
sized photocatalysts, P25 and PC105, exhibit higher performance in degradation of acetone, 
acetaldehyde, and toluene with respect to the micro-sized ones, Kronos 1077 and Cristal AT-1 
[27].  
2.2.2. Effect of catalyst surface area, porosity, and surface chemistry 
The photocatalytic activity can be greatly influenced by the structural features such as surface 
area and porosity. Keeping the surface chemistry unchanged, as the surface area is increased, 




 pairs, and higher concentration of pollutants on the 
photocatalyst can be envisaged. In view of this, larger surface area can enhance the 
photocatalytic activity and mineralization of challenge compounds to CO2 [25]. Hajaghazadeh et 
al. [20] reported that MEK conversion follows the order of PC500 > P25 > PC50 under steady 
state condition. It was suggested that PC50 and P25 activities drop over time because of their 
low surface areas while for PC500 the positive impact of high surface area outweighs the adverse 




 recombination in the long-term. Similar trends have been observed by Taranto 
et al. [24] in PCO of methanol where initially P25 and PC105 outperform PC500 owing to their 
lower charge carriers decay; however after 45 minutes, PC500 performs better in terms of 
conversion and mineralization since high surface area of PC500 allows higher adsorption of 
methanol and formaldehyde (methanol PCO intermediate). Alonso-Tellez et al. [25] pointed out 
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that, apart from its higher surface area, one of the major reasons for superior photocatalytic 
activity of UV100 compared with P25 is its microporosity. Suligoj et al. [28] attributed the fast 
PCO reaction of formaldehyde over PC500 to the presence of mesopores (2.1 nm) which enable 
the access of small molecules like formaldehyde and improve the adsorption. It should be noted 
that besides surface area and porosity, surface chemistry can also play a critical role in gas phase 
PCO reactions [29, 30]. Verbruggen et al. [30] estimated that the effective surface area available 
for acetaldehyde adsorption on PC500 is 3.5 times higher than P25, while, interestingly, PC500 
surface area is about six times than that of P25. They justified that the adsorbed amount of 
acetaldehyde agrees well with the total number of OH groups (obtained from TGA) on PC500 
surface, which is nearly four times of that on P25. d'Hennezel et al. [31] found that water-
impregnation and HCl-impregnation of P25 can improve the PCO of benzene and toluene owing 
to the higher amount of hydroxyl groups on TiO2/H2O and the chlorine radical chain transfer 
mechanism over TiO2/HCl. In another study, in order to determine the presence of Lewis or 
Bronsted acid centres on P25, PC100, and UV100, Arana et al. [29] investigated the interaction 
of ammonia with the catalysts surface. The FTIR spectra of NH3 interaction with these 
photocatalysts revealed the presence of both acid centres, Lewis and Bronsted, with the following 
intensity: P25>UV100>PC100.  
2.2.3. Effect of photocatalyst adsorption properties  
Adsorption of pollutant onto the surface of photocatalyst is a crucial step that greatly affects the 
reaction rate and removal efficiency. Adsorption of challenge compounds on photocatalyst 
brings about better contact between photocatalyst and reactant molecules, which in turn leads to 
higher oxidation rate. The role of adsorption step is more critical when dealing with gas streams 
with high humidity level (typical condition in the mechanical ventilation system of buildings) 
due to the competition between VOC and water molecules for adsorption sites. Depending on the 
type of active site available on the surface of photocatalyst and target VOC, different adsorption 
mechanisms may exist. Nimlos et al. [32] suggested that alcohols and organic acids can be 
adsorbed over the surface of TiO2 via both dissociative adsorption at oxygen bridging sites and 
hydrogen bond to the OH groups while aldehydes can only be adsorbed via hydrogen bond to the 
surface OH groups. Based the obtained adsorption efficiencies for several linear and branched 
alkanes (pentane < hexane < i-pentane < i-hexane < heptane), Boulamanti and Philippopoulos 
[33] stated that branched molecules are more strongly adsorbed on P25. Given the similarities in 
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molecular structure, it was suggested that toluene, m-xylene, and p-xylene can be adsorbed on 
P25 via the OH…ᴨ electron-type interaction, and accordingly, adsorption competition among 
them is expected [34]. In a detailed study on PCO of aromatics [35], it was shown that the 
adsorption constants follow the sequence: ethylbenzene < benzene < o-xylene < p-xylene ~ m-
xylene ~ toluene. The authors highlighted that the low adsorption of ethylbenzene and o-xylene 
could result from their molecular structures, which induce bigger stereochemical hindrance 
during adsorption on P25. Qijin et al. [36] examined the adsorption of methanol−benzene binary 
mixture over P25 in a fluidized bed reactor and argued that due to the presence of electron-donor 
functional group, hydroxy group, in methanol the adsorption affinity of methanol is stronger than 
that of benzene (resulting from van der Waals forces). Similarly, Alberici and Jardim [37] 
reported that the adsorption of VOCs on P25 follows the order:  methanol > isopropanol > MEK 
> acetone > toluene > i-Octane, indicating higher adsorption of alcohols than aromatics over 
TiO2. Based on the FTIR spectra of P25 and PC500 in contact with acetaldehyde, Verbruggen et 
al. [30] concluded that on P25 acetaldehyde adsorbs via H-bridge with a surface hydroxyl group 
(CH3CH=O…HO–Ti) and carbonyl bonding with a cation Ti
4+
 surface group 
(CH3CH=O…Ti
4+
); while on PC500, acetaldehyde mainly binds with the surface hydroxyl 
groups. In a study on the competitive interaction between water and different VOCs, Yu et al. 
[38] noted a positive linear relationship between the reciprocal of Langmuir adsorption constant 
and the Henry‟s Law constant of aromatic compounds. Geng et al. [39] and Zhang et al. [40] 
noticed a significant decrease in cyclohexane and chlorobenzene adsorption with increasing the 
RH. They stated that hydrophobic nature of cyclohexane and chlorobenzene molecules hinder 
their adsorption onto the water layer as well as their penetration through the water film and 
contacting the TiO2 surface. In another study [36], it was observed that unlike benzene (a 
hydrophobic molecule), methanol (a hydrophilic molecule) adsorption efficiency increased with 
increasing RH up to 35%. This behavior was explained by high water solubility of methanol, 
which allows its molecules to penetrate through layers of water and adsorb on the photocatalyst 
surface. In contrast, formaldehyde adsorption isotherms at low concentration ([HCHO]~120 
ppbv) revealed that despite the fact that formaldehyde is a hydrophilic compound, at higher 
humidity level, P25 reaches its complete saturation faster (i.e. 0% HCHO adsorption efficiency): 
200, 90 and 50 min for 0, 10, and 65% RH, respectively [41].  
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2.3. Hierarchical photocatalysts (HPCs) 
Hierarchy is an ordering of individual elements relative to each other, often accompanied with a 
certain degree of branching (Figure ‎2.6). In order for a material to be called hierarchical, it has to 
have two basic criteria: (i) different length scales for the structural elements, and (ii) each 
structural element has to have a very specific but complementary function [42].  
 
Figure ‎2.6 Examples for natural hierarchical systems: (a) river delta, (b) lightning, (c) roots of a tree, 
and (d) leaf [43] 
For porous materials, the term hierarchy is mostly referred to materials which possess different 
pore types or, in other words, bi or multimodal pore size distributions. Depending on how these 
pores are connected to each other, two categories of hierarchically porous materials can be 
introduced (Figure ‎2.7): 
Class 1: Larger/wider pores subdivide into several parts of smaller/narrower pores.  
Class 2: Larger pores intersect the smaller pore system, i.e. small pores branch off from a 
continuous large pore.  
As a result, any porous material with different pore sizes cannot be named hierarchical. The 
system of pores should provide the possibility to divide the flow into smaller parts [43]. In 1998, 
Yang et al. [44] reported the synthesis of porous silica, niobia, and titania with 3-D structures 
patterned over multiple length scales by combining micromolding, polystyrene sphere 
templating, and cooperative assembly of inorganic sol-gel species with amphiphilic triblock 
copolymers. Since then, HPCs came to be known as viable candidates for enhancing the 
performance of photocatalytic reactions and many researchers focused on fabrication of 
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inorganic semiconductors with hierarchical architecture via the oriented assembly of various 
building blocks [45-47].  
 
Figure ‎2.7 Schematic representation of the proposed classification for hierarchical pore systems [43] 
2.3.1. Advantages of HPCs for environmental remediation 
HPCs benefit from a number of advantages including: accessible and intertwined networks of 
pores, high specific surface area, improved light harvesting, and better adsorption performance 
for capturing pollutants from air stream. In addition, micro- and mesopores provide the size and 
shape selectivity for the guest molecules, enhancing the host–guest interactions, while 
macropores can considerably help the diffusion and access to the active sites by reactants [42].  
2.3.1.1. Molecular diffusion and transport 
Based on size, pores can be classified into: micropores (< 2 nm in diameter), mesopores (2-50 
nm) and macropores (> 50 nm). Hierarchical morphology and interconnected pores provide more 
efficient pathways for the transport of molecules to active sites of the photocatalyst and facilitate 
mass transfer via diffusion. It is widely accepted that diffusion of organic molecules into micro 
pores is not efficient [48]. On the contrary, catalysts with ordered mesoporosity have the ability 
to boost reactants molecules diffusion into the catalysts and the removal of products. However, 
mesoporous catalysts suffer from small surface area and slow mass transfer, which are of great 
importance in heterogeneous catalysis. Hierarchical structures with pores of different sizes 
possess high accessible surface area and interconnected channels at different length scales, which 
significantly resolve the aforementioned issues.  
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2.3.1.2. Light harvesting 
Light harvesting ability of a catalyst can greatly influence its photocatalytic performance. In this 
regard, hierarchical macroporous/mesoporous structures showed superior light absorption ability. 
This improvement originates from the larger number of light traveling paths in hierarchical 
catalysts, which increases the number of light reflection within the pore channels and interiors of 
cavities. Yu et al. [49] and Li et al. [50] suggested that the enhanced photoactivity on porous 
TiO2 and WO3 stems from better utilization of light due to multiple reflections in hollow 
structures.  
2.3.1.3. Surface area 
One of the most influential factors in heterogeneous catalysis is the specific surface area of the 
catalyst. Accordingly, fabrication of photocatalysts with high surface area for efficient diffusion 
and adsorption of pollutants and subsequent PCO reactions is highly favorable. Hierarchical 
macro/mesopores nanostructures have large accessible surface area and high surface to volume 
ratio, which provide abundant active sites for photocatalytic reactions. On the other hand, 
nanoparticles tend to agglomerate which not only decreases the surface area, but also adversely 
affect the reactants diffusion to the pores. These issues can be partly evaded by application of 
hierarchical photocatalysts formed by self-assembly of nano sized building blocks. 
2.3.2. Strategies for fabrication of HPCs 
Numerous studies have been dedicated to developing synthesis methods of hierarchical 
semiconductors such as titanium dioxide. The most common approach to prepare 3-D 
hierarchical structures is the self-assembly of smaller compartments or building blocks such as 
nanoparticles, nanowires and nanosheets. Despite its advantages, this approach is demanding, 
expensive, complicated and hard to scale-up. Consequently, there is an enormous need for new 
synthesis techniques, which not only are simple and low-cost but also produce hierarchical 
photocatalysts with controlled morphologies. Figure ‎2.8 depicts the main synthesis techniques 
utilized for preparation of hierarchical semiconductors. Even though hard templating and 
sacrificial-template dissolution techniques are well established and used by many researchers, it 
has a number of drawbacks: (i) need of templates which are often expensive, (ii) time-consuming 
procedure, (iii) unwanted structural variations during template removal, and (iv) high amount of 
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impurities in the final product [51]. The second group, template-free methods, are much cheaper, 
simpler, and more environmentally-friendly compared to templating strategies.  
 
Figure ‎2.8 Synthetic methods of hierarchical catalysts [14] 
2.3.2.1. Self-templating strategy 
Many research groups have attempted to come up with simple, environmentally-friendly, and 
low-cost routes for preparation of hierarchical micro/nano structures without using templates [52, 
53]. Among these methods, self-templating strategy is very promising and has been employed 
extensively for fabrication of hierarchical catalysts. For instance, Xiang et al. [54] could 
successfully prepare hierarchical CdS via hydrothermal treatment of Cd(OH)2 precipitates 
following by an anion ion-exchange with solution containing Na2S which replaces OH by S. In 
other studies BiOX nanostructures were used as self-template to reach BiWO6 hollow spheres, 
Bi2S3 nanocrystals/BiOCl, and Ag/AgBr/BiOBr hybrids [55, 56]. Troung et al. [57] synthesized 
TiO2 hollow nanostructures based on Ostwald ripening mechanism. In the preparation of TiO2 
hollow structure, H2O2 served as coordination agent and interface stabilizer and was crucial to 
the self-assembly of microspheres and their transformation into hollow nanostructures.  
2.3.2.2. In situ template-free assembly 
It has been proposed that hierarchically macro/mesoporous TiO2 can be synthesized by self-
assembly of amorphous TiO2 particles in alkoxide–water mixed solution [58]. In order to achieve 
the desired crystallinity, samples were subjected to calcination at 300-800 °C. It is noteworthy 
that calcination at temperatures higher than 500 °C destroyed the hierarchically 
macro/mesoporous structures [58]. In another study, Shi et al. [59] synthesized sea-urchin shaped 
Bi2S3/CdS hierarchical photocatalysts using a one-pot growth rate controlled route. They 
• Two-step template method 
• In situ template sacrificial dissolution 
Templating strategies 
• Self-templating strategy 
• In situ template free assembly 
• Chemically induced self transformation  
Template-free methods 
• Etching Post-synthetic treatments 
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suggested a growth mechanism initiates with fast formation of Bi2S3 nanoflowers, which act as 
support for the growth of CdS nanoparticles. Rutile TiO2 photocatalyst was prepared under 
microwave-hydrothermal condition which promotes the self-assembly of 1-D nanowires 
resulting in a three dimensional hierarchical structure [60]. Jiao et al. [61] synthesized dendritic 
Fe2O3 hierarchical structures via hydrothermal route. This photocatalyst exhibited good 
performance in degradation of Congo red in liquid phase, which was attributed to its superior 
light harvesting and accessibility of active sites.  
2.3.2.3. Chemically induced self-transformation 
In order to obtain hierarchically hollow microspheres, several works have used chemically 
induced self-transformation method. Different from situ template-free assembly, in this method 
hierarchical nanostructures are produced through chemical etching of primary particles by 
etching agents such as HF and OH
-
. In this regard, Yu et al. [62] could synthesize SnO2 hollow 
microspheres by hydrolysis of SnF2 at 180 °C. The authors postulated that the SnO2 particles are 
transformed into hollow microspheres via F
- 
mediated self-transformation process. Similarly, 
hollow TiO2 microspheres composed of anatase nanocrystals could be synthesized by using a 
modified F
- 
mediated self-transformation strategy [63]. 
2.3.3. Application of HPCs in air purification 
Among various applications of HPCs, in this research, the focus will be on their potential for air 
purification. Despite the aforementioned advantages of hierarchical materials for gas phase 
heterogeneous catalysis and photocatalysis, there are a handful of works which explored the 
potentials of hierarchical photocatalysts for indoor air purification. In this regard, several studies 
have been devoted to fabrication and performance evaluation of TiO2 HPCs for photocatalytic 
degradation of prevalent VOCs (such as toluene, acetone, and formaldehyde) and NOx in air [64-
66]. Zhang and Yu used sonochemical synthesis method to fabricate hierarchically porous titania 
spheres which demonstrated good activity toward degradation of n-pentane in air [64]. In another 
study, a trimodally hierarchically macro-/mesoporous TiO2 was prepared by hydrothermal 
method and its photocatalytic activity towards acetone was around three times higher than that of 
P25 [65]. In another study, Xiang and Yu [66] used a two-step hydrothermal synthesis to 
fabricate hierarchical flower-like TiO2 with dominant [001] facets. Three main pore sizes could 
be identified in the TiO2 samples: fine mesopores (peak pore of 10 nm), large mesopores (peak 
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pore of 40 nm), and flower-like microspheres with a macroporous framework (100-500 nm). 
Even though P25 possesses larger surface area with respect to the prepared TiO2 (55.1 vs. 38.9 
m
2
/g), the hierarchical flower-like TiO2 shows higher acetone removal efficiency after 60 
minutes of reaction (25.9% vs. 16.4%). As mentioned earlier, templating strategy is one of the 
most common methods for preparation of hierarchical nanostructured materials. For instance, 
self-assembly of surfactant under hydrothermal conditions was used to direct the formation of 
inorganic phases for synthesizing macro/mesoporous metal oxides. Wang et al. [67] used a 
nonionic poly(alkylene oxide)-based surfactant as the structural-directing agent for preparing 
hierarchically macro/mesoporous titania. A short calcination step (at 350-800 °C) was considered 
after the hydrothermal treatment at 80 °C in order to remove the surfactant and improve the 
crystallization. Chen et al. [68] used ZrO2 and SiO2 as structural stabilizers to fabricate 
macro/mesoporous TiO2/SiO2 and TiO2/ZrO2 nanocomposites. Introduction of ZrO2/SiO2 into 
TiO2 not only brought about superior thermo–mechanical strength, but also improved surface 
acidity due to the presence of surface hydroxyl groups, which capture h
+
, thereafter initiating the 
generation of strong active species capable of oxidizing adsorbed organics.  
2.4. Hydrothermal method 
Hydrothermal synthesis is defined as any heterogeneous chemical reaction in the presence of a 
solvent (aqueous or non-aqueous) above ambient temperature and pressure in a closed system. 
These operating conditions facilitate the dissolution and recrystallization of materials that are 
relatively insoluble under ambient conditions. The precursors go into solution as complexes with 
the help of mineralizers or solvents. Solvent can exert great influence on the properties of final 
product. Water is regarded as the most prevalent solvent and it is extensively employed as a 
hydrothermal mineralizer. Water is environmentally-safe, cheap and can act as a 
mineralizer/catalyst under high pressure and temperature. However, there are materials which 
have low solubility in water and necessitate applying other solvents. One of the key advantages 
of hydrothermal route is that crystallinity, crystal size, and textural properties can be controlled 
via proper selection of concentration of precursor and solvent/mineralizer, pH, hydrothermal 
time, pH, hydrothermal temperature, etc. [69]. A variety of metals oxides have been prepared 
through hydrothermal method which are most importantly characterized by high surface area in 
comparison to their counterparts by other methods such as sol-gel followed by calcination. The 
term solvothermal is used when water or other solvents (e.g. organic solvents) are used, while 
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hydrothermal refers specifically to those processes conducted in water as reaction medium. The 
following advantages can be attributed to hydrothermal method: 1) mild temperature: for the 
same degree of crystallinity, much lower temperature is needed in hydrothermal process 
compared to temperature during post-treatment (i.e. calcination) of photocatalysts prepared via 
sol-gel; 2) high purity of products and reproducibility; 3) environmentally-friendly and green; 4) 
high anatase content; 5) simultaneous achievement of high crystallinity and large surface area. 
2.4.1. Effect of precursor 
Titanium dioxide photocatalysts can be prepared from various titanium sources such as inorganic 
(e.g., TiCl4) and organometallic (e.g., titanium alkoxide) precursors. The most employed 
titanium precursors for fabrication of titania photocatalysts are tetrabutyl titanate Ti(OBu)4 or 
TBOT and titanium isopropoxide Ti(OPr)4 or TTIP. Many researchers used anatase or rutile 
powders (such as P25) as titanium source in the hydrothermal preparation of photocatalysts. For 
the hydrothermal synthesis, usage of the amorphous TiO2 resulting from sol-gel process is very 
common. Consequently, the preparation and properties of the amorphous TiO2 can be very 
important and influential on the final product. In this regard, Yanagisawa and Ovenstone [70] 
investigated the impact of using different titanium precursors (TiCl4 and Ti(OC2H5)4) during the 
sol-gel step on the crystallinity of titania after hydrothermal treatment. They showed that when 
TiCl4 was used as precursor due to the chloride contamination nucleation occurs earlier. 
Kolen‟ko et al. [71] chose TiOSO4 and TiCl4 as titanium precursors for hydrothermal synthesis. 
In the case of TiCl4 regardless of the hydrothermal time (10 min or 6 h), according to the XRD 
results only anatase phase exists in the nanocrystals while for TiOSO4 co-presence of anatase and 
rutile was observed after 6 h hydrothermal treatment at 523 K.   
2.4.2. Effect of temperature 
Increasing the temperature in the autoclave during hydrothermal synthesis brings about a number 
of well-known outcomes: (i) crystal growth, (ii) higher degree of crystallinity, and (iii) 
decrement in surface area. Kim et al. [72] investigated the influence of reaction temperature 
(100, 150, 200 °C) on key properties of TiO2 after 48 h hydrothermal treatment. They found that 
in the absence of nitric acid, at all hydrothermal temperatures, only titanate can be reached while 
by increasing the concentration of acid in the reaction vessel first anatase appears and by further 
increase in acidity rutile phase could be produced as well. In another study [73], it was witnessed 
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that with decreasing the temperature, grains become smaller and the agglomeration among them 
becomes more vivid. Yanagisawa and Ovenstone  [70] observed that raising the temperature up 
to 250 ˚C has no significant impact on the crystal size while further increment in temperature to 
400 ˚C resulted in remarkable crystal growth. This was attributed to a change in the crystal 
growth mechanisms from solid-state epitaxy to dissolution/precipitation. 
2.4.3. Effect of holding time 
Prolonging the hydrothermal reactions leads to an increase in crystallinity and crystal size of 
TiO2 nanoparticles and naturally decline in surface area. In this regard, Yu et al. [65] studied the 
effect of hydrothermal duration on the properties of titanium dioxide photocatalysts prepared at 
180 ˚C. At t=0, the samples is completely amorphous (i.e. no photocatalytic activity); however, 
as the reaction time is increased, anatase phase content gradually goes up and after only 3h of 
treatment brookite (15%) is also observed in the crystalline structure. It should be highlighted 
that after the initial sharp decline in surface area with hydrothermal time, after 10h treatment, the 
surface area shows no significant drop. In another work, in order to obtain mesoporous TiO2 
nanofibers, titanate nanotubes were treated hydrothermally at 200 ˚C and varying hydrothermal 
durations (1-24 h) [74]. XRD results showed that after only 1 h hydrothermal treatment, 
transformation of titanate nanotubes to anatase phase has initiated. The authors suggested that 
anatase phase is formed due to the dehydration among titanate layers and the rearrangement of 
TiO6 octahedron cells. After 3h, no titanate diffraction peaks was observed which confirms the 
total destruction of nanotubes and formation of anatase crystals. Also, with increasing the 
hydrothermal time, the length of titania and their diameter nanofibers declined, indicating the 
gradual trend toward formation of TiO2 nanoparticles. Zhou et al. [75] prepared titania 
microspheres by hydrothermal treatment of a solution containing titanium sulfate and urea for 
different reaction times. Even though longer reaction time led to larger crystal sizes, the average 
diameter of the microspheres did not show any considerable change. They attributed the material 
mesoporosity to inter-aggregated mesopores formed from accumulation of primary particles. 
2.4.4. Effect of reaction media 
Reaction media properties such as viscosity and dielectric constant can strongly influence the 
mobility, reactivity and solubility of species in solution. Therefore, the composition of the 
solution media affects the produced titania characteristics. Yanagisawa and Ovenstone [70] 
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postulated that water has an important role in the formation of anatase crystals from amorphous 
sols. They suggested that water facilitates the rearrangement of TiO6 octahedra and coordinates 
the amorphous titania surface. A combination of water and an alcohol can be employed as the 
reaction medium to adjust the crystal size and degree of crystallinity by varying the ratio 
between water and alcohol. In this regard, Wang and Tang [76] reported that as the alcohol/water 
ratio is increased, the particle size decreases while the surface area and porosity of the final 
product increase. In another study, Lei and Duan [77] attempted to control the phase composition 
of titania by changing the water to ethanol ratio during solvothermal synthesis at very low 
temperature (353 K). They could successfully tune the anatase content from 0 to 100% by 
increasing the amount of ethanol in the mixture. Besides the reaction medium, adding 
mineralizers can affect the resulting titania phase. Cheng et al. [73] used four mineralizers 
(NH4Cl, NH4F, NaCl, and SnCl4) and investigated their impact on crystalline phase during 
hydrothermal synthesis. Applying mineralizers was in favor of the formation of rutile; therefore, 
only rutile was achieved in the presence of any of four mineralizers.   
2.4.5. Effect of pH 
pH can play a significant role in the preparation process since it affects the rate of hydrolysis and 
condensation reactions. Accordingly, one efficient and facile way to control the properties of 
titania photocatalyst is changing the pH. In this regard, Chen et al. [78] synthesized a three-phase 
(i.e. anatase, rutile, and brookite) titania at low hydrothermal temperature in the presence of 
nitric acid. Similar behavior was noticed by other researchers [72, 79] in hydrothermal 
preparation of titania with HNO3 as peptizing agent. Mesoporous TiO2-graphene nano-
composites were prepared by UV-assisted hydrothermal hydrolysis of Ti(SO4)2 in aqueous 
solution of sulfuric acid and graphene oxide [80]. Akple et al. [81] could achieve nitrogen-doped 
anatase titania microsheets with 65% [001] facet and 35% of [101] facet by using hydrothermal 
synthesis method in the presence of HF and HCl. Cheng et al. [73] attempted to explain the 
impact of acidity on crystal structure of titanium by synthesizing titania from TiCl4 precursor at a 
wide pH range (0-14). They postulated that the type of titanium (IV) complexes is dependent on 
the acidity and ligand in solution. Based on this, they suggested that at high pH the probability of 
edge-shared bonding (i.e. anatase) between two Ti complexes is higher, while at low pH due to 
smaller number of OH ligands in Ti complexes, the corner-shared bonding is easier (i.e. rutile). 
In another study, Chen et al. [82] hydrothermally prepared titania nanocrystals from 1-D titanate 
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nanotubes and investigated the impact of using different acids (CH3COOH, HNO3, HCl, HF, and 
H2SO4). With HF, H2SO4, or CH3COOH, regardless of the concentration (i.e. pH), only anatase 
phase was achieved; while with HNO3 and HCl, depending on the concentration, anatase and 
rutile contents could be adjusted. 
2.4.6. Effect of calcination temperature 
One of the well-established techniques to alter photocatalyst crystallinity and structural 
properties is heat treatment. Heat treatment of catalyst at high temperatures on the one hand 
improves the crystallinity (i.e. less bulk defects), whereas on the other hand it adversely affects 
the surface area and porous structure. Amorphous TiO2 particles can be transformed to anatase at 
temperature above 400 ˚C. However, such high calcination temperatures result in the increase in 
nanoparticle size and the decrease in specific surface area. To achieve small nanocrystalline TiO2 
powders with high photocatalytic activity and large specific surface area, a reasonable method 
would be to lower the temperature of the phase transition and crystallization, so that using 
methods such as hydrothermal. To alleviate the negative effect of calcination and minimize 
sintering, Chen et al. [68] used ZrO2 and SiO2 as structural stabilizers to prepare hierarchical 
macro/mesoporous TiO2/SiO2 and TiO2/ZrO2 nanocomposites. Nguyen and Bai [83] prepared 
titania nanotubes from P25 in autoclave at 135 ˚C and subsequently calcined the samples at 400-
600 ˚C. As the calcination temperature exceeded 300 ˚C, the tubular structure started to 
transform to rodlike (at 400 ˚C) and particle-like (at 600 ˚C) structures, accompanied by 
substantial reduction in the surface area. 
2.5. Photocatalyst coating technique and support materials 
Photocatalyst coating has a significant influence on the performance of the PCO systems. A 
number of coating techniques have been employed so far including: dip-coating (sometimes 
called wash-coating), chemical vapor deposition (CVD), metal-organic CVD (MOCVD), sol–gel 
and spray coating. Dip-coating is the most popular method in the laboratory scale and has been 
applied for deposition of commercial photocatalysts on different substrate materials (e.g. glass 
plate, fiber glass, and activated carbon) [84]. In gas phase PCO, lowering the aggregation of 
photocatalyst nanoparticles and maximizing their exposure to light irradiance and air stream are 
highly sought in order to improve the quantum efficiency and adsorption capacity. This objective 
can be accomplished by immobilization of photocatalyst on support material. The ideal support 
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material should possess several properties including high surface area, high transparency, porous 
structure, high adsorptive affinity towards VOCs, and stability under UV irradiation. In addition, 
the supporting material should sufficiently bond either via physically or chemically to TiO2 
without reducing its reactivity. In this regard, due to the unique and controllable structural as 
well as electrical properties, porous carbonaceous materials such as activated carbon, carbon 
nanotubes and fullerene become great interest for the structural support and photocatalytic 
enhancement of TiO2-based systems [85-87]. However, some problems still hinder further 
promotion of efficiency of the present TiO2 composites, such as the weakening of light intensity 
arriving at catalysts‟ surface and the lack of reproducibility due to the preparation and treatment 
variation [88]. 
2.6. Influence of operating parameters on photocatalytic oxidation processes  
2.6.1. Airflow rate and residence time   
Mass transfer of pollutants from the gas phase to the surface of photocatalyst entails several 
processes and is a function of airflow conditions (humidity, temperature, speed, etc.), type of 
pollutant, and properties of photocatalyst [3]. Considering a fixed photocatalyst loading, there is 
general agreement that airflow rate has a dual antagonistic effect on photocatalytic reactions: (i) 
as the airflow rate increases, the residence time of VOC molecules inside the reactor decreases 
which leads to a reduction in the adsorption of the pollutant and lower conversion; (ii) higher 
airflow rate enhances the mass transfer coefficient between the air and photocatalyst surface, 
resulting in higher PCO reaction rate [89, 90]. Taking into consideration the airflow rates 
normally applied in air handling units, it seems reasonable to rule out the contribution of 
enhanced mass transfer rate and conclude that any increment in the airflow rate (i.e. shorter 
residence time) deteriorates the VOC removal efficiency. Several studies have pointed out that 
apart from the heterogeneous reactions, gas phase reactions can also contribute to the removal of 
VOCs [91-93], especially when ozone-generating lamps are utilized. Therefore, increasing the 
airflow rate reduces the contact time between the VOC molecules and reactive species and 
lowers the removal efficiency.    
2.6.2. Type and concentration of pollutant 
One of the major shortcomings of the previous studies conducted on photocatalytic degradation 
of VOCs is the evaluation of performance at high VOC concentrations (ppm range) rather those 
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associated with the indoor environment (ppb range). Nevertheless, for various classes of VOCs 
and broad ranges of concentration, there is general agreement that higher concentration of VOC 
results in an improved reaction kinetics (until rate reaches its plateau), lower removal efficiency, 
and poorer mineralization of pollutants to CO2 [94-98]. The impact of higher VOC concentration 
on PCO reactions can be analyzed from different aspects: (i) the number of VOC molecules that 
can be adsorbed and oxidized on photocatalyst surface increases which boosts the reaction 
kinetics [99]; (ii) the ratio of reactive species plus active sites to pollutant molecules decreases 
and consequently, more VOCs can leave the reactor without undergoing degradation [98]; (iii) 
high amount of by-products/intermediates generated during PCO reactions can reduce the 
mineralization and/or occupy part of the active sites, impeding the oxidation progress.   
2.6.3. Relative humidity 
Water molecules can connect to different types of OH surface groups on TiO2 via hydrogen 
bond. In addition, water molecules can attach to each other by hydrogen bond and generate well-
organized network of adsorbed water layers. The attraction forces between the reactants and 
TiO2 are adversely affected by the water layer and in order to be adsorbed on the surface, 
pollutants must break or disorganize the water network [100]. Still no general relationship can be 
put forward between the VOC removal efficiency, mineralization degree, or reaction rate with 
the humidity level. Several groups [90, 101-104] recognized a promoting effect of humidity 
whereas others found the presence of water vapor in PCO inhibiting [33, 90, 105-109]. On the 
other hand, some studies have demonstrated that depending on the experimental conditions (e.g. 
VOC type and concentration, RH range, catalyst loading, and catalyst/support adsorption 
capacity), a dual effect, positive and negative, of RH can be realized [34, 91, 99, 106, 110, 111]. 
In general, water vapor can have two sets of conflicting functions:  
I:  (a) adsorbed water molecule is oxidized to hydroxyl radicals which improves the PCO 
reactions; (b) RH maintains the oxidation rate by replenishing surface hydroxyl groups [91, 112]; 




 recombination.  
II: (a) water molecules adsorbed on the surface of TiO2 via hydrogen bonding with hydroxyl 
groups form a multi-layer film which impedes pollutants from contacting TiO2 surface or 
reactive species in the boundary layer [113]; and (b) water molecules compete with VOCs for 
adsorption on active sites of TiO2 [91].  
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2.6.4. Light source and intensity 
Light is one of the main pillars of photocatalysis; therefore, light source wavelength and light 
intensity can affect the reaction rate and removal efficiency. Considering the band gap energy of 
titania, theoretically, UV light with wavelength less than 380 nm can excite the electrons in the 
valence band [13, 112]. Germicidal lamp (UVC, 254 nm) and fluorescent black-light lamp (300-
400 nm) are the most utilized light sources in PCO of indoor air pollutants. Some studies 
employed UV light emitting diode (wavelength usually centered at 365 nm) due to long lifetime 
and high efficiency [20, 114]. For the same photon energy distribution, i.e. light wavelength, 





 pairs. It is proposed that the impact of UV intensity on the reaction rate can be divided into 





 pairs are consumed faster by chemical reactions than by recombination and ii) a half-order 
regime at high light intensity and low VOC concentration in which the rate of recombination 
exceeds the rate of oxidation reactions [115].  
In order to improve the removal efficiency and mineralization, many studies [41, 116, 117] 
employed ozone-generating UV lights (254+185 nm), which may offer a combination of 
photolysis, ozonation, and PCO processes. Nonetheless, it is noteworthy that using ozone-
generating lights can result in high concentrations of ozone at the outlet stream, which 
necessitates installation of ozone scrubber after PCO section. On the other hand, even though 
direct ozonation of VOCs in the gas phase has been reported in the literature [118], considering 
the slow rate of ozonation reactions and short residence time of VOCs in the reactor (<<1s), 
some researchers believe that ozonation may not have significant contribution [41, 116, 117].  
2.7. Reaction pathways and main intermediates/by-products 
Ideally, products of PCO of hydrocarbon VOCs are carbon dioxide and water. However, given 
the short residence time of reactants and adsorption competition, in reality, VOC mineralization 
can proceed up to a certain degree and many oxidation by-products/intermediates exist both in 
the gas phase and on photocatalyst. In fact, generation of by-products is one of the main concerns 
associated with the application of PCO technology in buildings since some of these by-products 
can be even more toxic than their parent compounds. Based on the type of challenge compound, 
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different reaction pathways have been proposed and various by-products/intermediates have been 
identified in photocatalytic degradation of VOCs. 
2.7.1. Alcohols 
Muggli et al. [119] employed isotope labeling and temperature-programmed desorption and 
oxidation (TPD-TPO) to identify the reaction pathways and intermediates for PCO of ethanol 
over P25. Based on the obtained results they suggested two reaction pathways: a) ethanol → 
acetaldehyde (widely accepted as the first step in PCO of ethanol) → acetic acid → CO2 + 
formaldehyde → formic acid → CO2 and b) ethanol → acetaldehyde → formic acid + 
formaldehyde → formic acid → CO2. A similar mechanism was put forward by Nimlos et al. 
[32]: ethanol → acetaldehyde → acetic acid → formaldehyde → formic acid + CO2 → CO2. 
Benoit-Marquie´ et al. [120] proposed the following degradation mechanism during 1-butanol 
photocatalytic degradation: 1-butanol → butanal → butanoic acid → propionaldehyde and 1-
propanol. In agreement with this study, it was found that butanal and 1-butene are the two major 
by-products of PCO of 1-butanol over P25 at low [121] and very high concentration [122].  
2.7.2. Aromatics 
Photocatalytic oxidation of toluene and benzene has been examined extensively and, 
accordingly, many studies have been focused on the identification/quantification of reaction 
intermediates. It is suggested by many researchers that PCO of benzene and toluene entails the 
generation of strongly adsorbed intermediates, which are less reactive than their parent 
compounds [13, 31]. In the case of toluene, benzaldehyde, benzoic acid, benzyl alcohol, phenol 
and benzene have been found to be the first reaction intermediates [13, 27, 31, 123]. d'Hennezel 
et al. [31] proposed a step-by-step reaction pathway for PCO of toluene over H2O/HCL 
pretreated P25. It was suggested that the primary pathway involves hydrogen abstraction from 
methyl group and benzyl radical formation via hole transfer to toluene, hydrogen abstraction by 
an OH radical, and hydrogen abstraction by chlorine radical [31]. Sleiman et al. [107] stated that 
the humidity content influences the adsorption mode of toluene on PC500 and, therefore, brings 
about two competitive initial reaction pathways: i) at low RH, h
+
-mediated reactions lead to the 
formation of an aromatic radical cation and a benzyl radical, followed by further oxidation and 
aromatic ring opening reactions; ii) at high RH, the first step is the addition of OH radical on the 
aromatic ring or the H-abstraction from the methyl group. Based on the detected by-products in 
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gas phase and on P25 surface using proton transfer reaction-mass spectrometer (PTR-MS) and 
gas chromatography–mass spectrometry (GC-MS), Mo et al. [13] put forward a reaction pathway 
for toluene PCO. They considered OH radical induced aromatic ring opening mechanism, 
previously suggested by Frankcombe and Smith [124], for toluene and its three initial by-
products (benzaldehyde, benzoic acid, and benzyl alcohol) and proposed the following reaction 
mechanism: toluene → benzaldehyde → benzoic acids → ring broken → O=C–R–C=C–R‟–
C=O → shorter-carbon-chain aldehydes and alcohols. Using TPD-TPO, Larson and Falcon [123] 
identified benzaldehyde, benzyl alcohol and m-cresol as intermediates of degradation of toluene.  
2.7.3. Aldehydes 
Ao et al. [125] proposed a reaction pathway for formaldehyde photocatalytic degradation over 
P25 which starts with the generation of formic acid via direct photolysis and photocatalysis, 
followed by h
+
-mediated conversion of formic acid into carbon dioxide. Ye et al. [126] examined 
PCO of butanal and proposed a reaction pathway as follows: aldehydes → acids → shorter 
carbon-chain aldehydes. In another study, Hauchecorne et al. [127] proposed a relatively 
complicated reaction pathway for PCO of acetaldehyde over TiO2 using FTIR in-situ reactor. 
Acetaldehyde is adsorbed on TiO2 surface where it undergoes aldol condensation (formation of 
3-hydroxybutanal and crotonaldehyde) and oxidation reactions (formation of bidentate acetate 
bound on the surface). These initially formed species are converted into other intermediates such 
as acetic acid, formic acid and formaldehyde upon further illumination.  
2.7.4. Alkanes, alkene and alkynes 
It has been suggested that the photocatalytic degradation of alkanes entails less complexity in 
comparison to that of alcohols and aromatic hydrocarbons; therefore, the amount of generated 
intermediates/by-products is smaller for alkanes [38]. Degradation of alkane is initiated by the 
abstraction of proton to form alkyl radical, which then reacts with oxygen and produces alkyl 
proxy radical. This alkyl proxy radical can go through reactions with alkane itself or with  
and generate carboxylic acid [38]. In a research focused on the reaction mechanism and 
intermediates of decane PCO over P25, Debono et al. [128] monitored the formation and 
consumption of reactants and intermediates at each step of the reaction advancement. They 
reported that 18 reaction intermediates were identified in the gas phase, mainly from aldehyde, 




OH radicals to unsaturated C=C bonds of cyclohexene and also the abstraction of H atoms from 
saturated C–H bonds of cyclohexane and cyclohexene result in a number of intermediate radicals 
which are subsequently oxidized by molecular O2 and eventually converted into CO2.  
2.7.5. Ketones 
Acetone and MEK are the most studied members of ketone family [129-132]. Vincent et al. 
[130] put forward three main reaction schemes for PCO of acetone over P25 (two of them chain 
reactions initiated by OH
•
 and aldol condensation as the third one) based on the identified 
reaction intermediates and their relative abundance which can be ranked in this order: diacetone 
alcohol > acetic acid > MEK > methyl alcohol > other by-products. Choi et al. [129] stated that 
at high concentrations, both hydroxyl radical attack and h
+
-mediated oxidation pathways are 


















3.1. Experimental set-up 
3.1.1. Adsorption experiments  
Figure ‎3.1 depicts the experimental set-up employed to study the adsorption of toluene and MEK 
on TiO2 coated nickel (Ni) foam filters at different humidity conditions and challenge compound 
concentrations. The main component of the system is a 0.1 m  0.1 m  1.3 m (width  height 
 length) single-pass continuous flow reactor made of aluminum. Compressed air (RH=0%) is 
utilized as the carrier gas and a mass flow controller (OMEGA, FMA5542A) adjusts its flow 
rate. It should be mentioned that the relative humidity of compressed air is 0% and its 
temperature is around 20 °C based on the readings of two sensors installed at the reactor inlet. 
On the other hand, high-performance liquid chromatography (HPLC) and GC-MS analyses 
confirmed that the compressed air contains no volatile organic compounds. The stainless steel 
straightener is employed to provide a more uniform distribution of airflow in the entrance. The 
relative humidity of the air stream to the reactor is controlled by passing a portion of it through a 
distilled water cylinder (i.e. humidifier). The relative humidity can be varied in a wide range (0-
80%) to provide sufficient information regarding the impact of humidity content on adsorption. 
The airflow rate enters the photoreactor is controlled by a rotameter. The temperature and 
humidity inside the reactor are monitored using temperature and humidity sensors (DATAQ 
Instruments, Model EL-USB-2). The challenge compound is automatically injected by a syringe 
pump (KD Scientific, Model KDS-210) into the airflow and the injection rate is calculated based 
on the airflow rate, chemical properties, and target concentration. The concentrations of the 
pollutant before and after the air filter are continuously recorded by PID detector (ppb3000 
RAE).  
3.1.2. Photocatalytic oxidation experiments 
In the previous design, the goal is to determine the adsorption ability of the filter in the absence 
of light and photocatalytic reactions. For evaluating the photocatalytic performance of titania, 
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some modifications are made to the previous design and the resulting set-up is shown in 
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Figure ‎3.1 Schematic presentation of the experimental set-up for adsorption experiments 
 
Figure ‎3.2 Schematic presentation of the experimental set-up for PCO experiments 
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Inside the photoreactor 4 UV lamps (Philips, TUV PL-S 5W/4P 1CT/5X10CC) are mounted 
which provide a total light intensity of 5 mW/cm
2
. The distance between the UV lamps and the 
air filter on both sides is ~3 cm. The photoreactor was designed in a way that can contain 3 air 
filter (i.e. 8 UV lamps) in case it is desired to improve the removal efficiency. Performance 
indicators (e.g. removal efficiency, by-products generation, etc.) are calculated based on the data 
acquire from GC-MS and HPLC analyses. To do so, inlet and outlet concentrations of target 
VOCs as well as by-products generated during PCO reactions are determined using GC-MS and 
HPLC.  
3.2. Experimental procedure 
3.2.1. Air sampling and analytical methods 
For GC-MS, air samples are taken periodically from both upstream and downstream sampling 
ports using an air pump (GilAir
®
) with 50 mL/min flow rate for calculated duration depending 
on the concentration of pollutants. These samples are collected by passing the air through an 
AirToxic
®
 tube (SUPELCO) which is connected directly to the air pump. AirToxic® adsorbent 
tubes are stainless-steel tubes filled with Carbotrap B followed by Carbosieve adsorbent, which 
are utilized for capturing C3- C12 VOCs as in EPA TO-17 method. Before the sampling, GC 
tubes are conditioned for 30 minutes at 320 °C using helium (He) flow. The adsorbed VOCs in 
tubes are desorbed by automatic thermal desorber (Perkin-Elmer TurboMatrix® 650 ATD) and 
introduced to GC/MS (Perkin-Elmer Clarus® 500) with a capillary column (Perkin-Elmer Elite-
VMS, 60m, 0.32 mm I.D., and 1.8 μm of film thickness). Two-stage desorption was applied in 
thermal desorption: the primary desorption at 240 °C for 4 minutes at 0.33 mL/s (1.22 in
3
/min) 
of He flow; and the secondary desorption at 300 °C. Through inlet and outlet splits, 1% of 
analytes was introduced into GC column with 0.017 mL/s (0.062 in
3
/min) of He flow. GC 
temperature program is at 40 °C hold for 5 min; 5 °C/min increase to 110 °C;  20 °C/min 
increase to 200 °C and hold for 15 min. EI-mode MS scanned from 40 to 150 m/z with a 
scanning time of 0.25 min. 
For the HPLC analysis, the generated by-products and/or pollutants are absorbed on a high purity 
silica adsorbent coated with 2, 4-dinitrophenylhydrazine (2, 4-DNPH) (SUPLECO LpDNPH 
S10L, Sigma Aldrich). LpDNPH cartridges are capable of adsorbing and detecting carbonyls 
(e.g. aldehydes and ketones). It is noteworthy to mention that the sampling and analysis of by-
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products are done in accordance with the US EPA TO-11a. The flow rate of the sampling pump 
for HPLC cartridge is 1 L/min and depending on the experiment the sampling duration varies. 
Once the sampling is finished, the absorbed compounds are extracted from the HPLC cartridge 
via washing pure acetonitrile. Afterwards, elutes are analyzed by the HPLC with ultraviolet 
detection (360 nm wavelength) (PerkinElmer Flexar) with a C18 Brownlee validated micro-bore 
column (150 mm x 4.6 mm ID, 5 µm film thickness). The injection volume is 20 μL. The mobile 
phases are 72% acetonitrile and 28% of deionized water with the total flow rate of 0.017 mL/s.  
3.2.2. Photocatalytic experiment protocol 
A step-by-step procedure is applied for the PCO tests in order to: (1) minimize the interference 
of adsorption capacity with actual performance of the photocatalyst and (2) provide enough time 
for the system to reach steady state condition in terms of irradiance, concentration, humidity, and 
temperature. The following stages are followed in all experiments determining PCO performance 
of either commercial titania samples or developed TiO2 materials:  
1) Installing the titania coated air filter inside the photoreactor in the absence of light or 
airflow.  
2) Start recording the relative humidity and temperature data at the upstream (using RH&T 
sensors before air filter) and the target VOC concentration using PID at the downstream;  
[t=0] 
3) Introduce the air stream with the desired humidity and flow rate into the reactor while 
simultaneously start pollutant injection with a calculated rate using syringe pump. For 
one hour 10 ppm of toluene or 20 ppm of MEK is considered as the inlet concentration 
with the goal to completely saturate titania before starting the PCO test. These 
concentrations were obtained from the adsorption tests and assure complete saturation of 
the filter with pollutant. Accordingly, after one hour the reading from PID can also 
guarantee reaching the 100% breakthrough of the filter; [t=1h] 
4) After one hour adsorption in dark (stage 3), lamps are tuned on and we allow the system 
to run for 4 more hours to become stable; [t=5h] 
5) GC and HPLC sampling for toluene PCO: t=5-5:20 1st GC sampling from both upstream 
and downstream ports; t=5:20-5:40 2
nd
 GC sampling from both upstream and 
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downstream ports; t=5:40-6 3
rd
 GC sampling from downstream port; t=5-6:30 1
st
 HPLC 
sampling from downstream port.  
HPLC sampling for MEK PCO: t=5-5:20 1
st
 HPLC sampling from both upstream and 
downstream ports; t=5:20-5:40 2
nd
 HPLC sampling from both upstream and downstream 
ports.  
6) Once the samplings are done, the lamps are tuned off and the air filter is removed.  
A number of points should be highlighted:  
 Each air filter is tested only once and for each test a fresh photocatalyst is used. 
 HPLC and GC samples of upstream in the absence of pollutant injection revealed that 
inlet air stream does not carry any components rather than nitrogen, oxygen and water 
vapor, and, thus, the generated by-products detected at downstream resulted from PCO 
reactions.  
 The GC and HPLC sampling flows (50 mL/min and 1 L/min respectively) are monitored 
continuously using two flow meters (DryCal).  
3.3. Photocatalyst coating  
In order to evaluate the photocatalytic performance of titania samples, titania powder is 
deposited on a nickel foam substrate (Shanghai Tankii Alloy Material Co). The width, height, 
and thickness of the filter were 10, 10, and 0.1 cm, respectively. First, titania particles obtained 
from hydrothermal synthesis are pressed to form thin pellets, which then are crushed and sieved 
to the size of 35-60 meshes (250-500 µm). A specific quantity of photocatalyst is added to 
distilled water and the mixture is stirred for 6 h at room temperature to reach a homogeneous 
TiO2 suspension (0.5 wt%). TiO2 colloidal solution is coated on the Ni filter via a pipetting 
technique in which TiO2 solution is placed drop by drop on the filter until the entire surface of 
the filter is covered with TiO2 solution. The filter is dried at 80 ˚C for 1 h and the same coating 
procedure is repeated for the other side of the filter. Finally, the titania coated filter is dried 
overnight at 80 ˚C to remove water from the filter. The TiO2 coated filter weight is measured and 
compared to that of the uncoated filter to calculate the coating density. In all experiments, the 
TiO2 coating density on the substrate is kept at 1 ± 0.05 mg/cm
2
. Prior to each PCO test, the TiO2 
coated filter is preheated in air oven at 80 ˚C for about 2 h to remove the physically adsorbed 
water vapor during storage. 
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3.4. Photocatalytic activity and health-risk measurements 
Photocatalysts are compared in terms of total toluene/MEK removal efficiency, amount of 
generated by-products in the gas phase, reaction rate, and health-risk index.   
Toluene/MEK single-pass removal efficiency and by-products generation are defined as follows: 
( )






   (3.1) 
where inC and outC are the upstream and downstream concentrations of toluene/MEK in ppb, 
respectively.  
i i,out i,inBy-product generation, G (ppb)= C - C  (3.2) 
where ,Ci in and ,Ci out are the upstream and downstream concentrations of by-product i in ppb, 
respectively. 












where inC and outC are concentrations in g/m
3
, m is the photocatalyst mass on nickel foam (g), M 
is the toluene/MEK molecular weight (g/mol), and Qair is the air volumetric flow rate (m
3
/min).   
To determine the risk level to human health associated with each photocatalytic system, a health-
related index (HRI) is defined based on the concentrations of by-products and the recommended 











Table ‎3.1 Health-related information of generated by-products 
Pollutant REL (ppm) REL data source IARC carcinogenic classification 
Formaldehyde 0.016 NIOSH Group 1, carcinogenic to humans 
Acetaldehyde 0.078 OEHHA
*
 Group 2B, possibly carcinogenic to humans 
Acetone 250 NIOSH - 
*Office of Environmental Health Hazards Assessments, California Environmental Protection Agency, U.S. 
3.5. Characterization techniques 
In order to acquire information related to the physical and chemical features of prepared titania 
samples including crystallinity, crystal phase and size, porosity, surface area, and surface 
chemistry various analytical techniques are exploited.  
3.5.1. X-ray diffraction  
The best and most applied approach to determine the existence of various phases in titania 
structure, degree of crystallinity, and crystal size is XRD. The crystalline structure and crystallite 
size are identified by X-ray diffraction (Bruker, D8 advance) with a monochromatized source of 
Cu-Kα radiation. The average crystal sizes of anatase, brookite, and rutile are estimated based on 







    (3.5) 
where λ is the wavelength of the Cu-Kα radiation (λ=0.15405 nm), θ the Bragg‟s diffraction 
angle, β the full width at half maximum intensity of the peak, and k a constant (0.89). For 
anatase, brookite, and rutile, [101], [121], and [110] peaks are respectively applied in Scherrer 
equation to determine the crystal size. Accordingly, the phase composition can be estimated from 
the integrated intensities of anatase [101], brookite [121], and rutile [110] peaks. For samples 
with more than one crystalline phase, the mass fractions of brookite (WB) and rutile (WR) are 























   (3.7) 
where AA, AB, and AR are, respectively, the integrated intensities of the anatase [101] and 
brookite [121], and rutile [110] peaks.  
3.5.2. Nitrogen (N2) adsorption-desorption isotherms 
Nitrogen adsorption-desorption isotherms at liquid nitrogen temperature (77K) are measured 
with an AUTOSORB-1 (Quantrochrome Instruments Co.) nitrogen adsorption apparatus. The 
surface areas of the samples are evaluated by multipoint Brauner, Emmett, and Teller (BET) 
method using the adsorption data in the relative pressure (p/p0) range 0.05-0.3. The pore size 
distributions are calculated from desorption branches of isotherms by the Density Functional 
Theory (DFT), assuming slit-like pores. Prior to N2 adsorption analysis, samples are completely 
degassed at 120 °C for several hours (except the samples that synthesized at lower temperatures, 
which are degassed at 80 °C). 
3.5.3. Electron microscopy 
SEM and TEM are well-known and effective techniques to investigate the morphology and 
crystallographic properties of nano-sized materials. To investigate the surface morphology of 
TiO2 samples scanning electron microscope (Hitachi S-4700 Model) or field emission SEM (FEI 
Quanta 450) is employed. Transmission electron microscopy and high-resolution transmission 
electron microscopy images along with the selected area electron diffraction (SAED) patterns are 
taken on a FEI Tecnai TF-20 S/TEM instrument. 
3.5.4. Fourier transform infrared spectroscopy 
FTIR analyses are performed using a Nicolet 6700 FTIR spectrometer (Thermo Fisher 
Scientific). Spectra are collected in a range of 4000–600 cm−1 at a resolution of 4 cm−1 and an 
absorbance detection limit of 0.001 a.u. Air spectrum, as background, is always subtracted from 
the obtained FTIR spectra in all experiments. The titania samples are degassed at 80 ˚C for 12 h 
before performing the FTIR analysis. 
3.5.5. X-ray photoelectron spectroscopy 
XPS is a quantitative method that measures the elemental composition and chemical state of the 
elements on a solid surface. Surface chemical compositions of photocatalysts are investigated 
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using an X-ray Photoelectron Spectroscopy (Thermo Scientific K-Alpha spectrometer, USA) 
equipped with an Al Kα excitation source and X-ray spot size of 200 µm in diameter. All the 
binding energies are referenced to the C 1s peak at 284.6 eV of the surface adventitious carbon. 
3.5.6. Thermo gravimetric analysis  
TGA is performed by using a TGA Q500/Discovery MS, in the 30-750 °C range in a nitrogen 
flux of ca. 90 mL/min. The temperature program is as follows: 10 °C/min from 30 to 120 °C, 15 
min in isothermal condition at 120 °C, and 10 °C/min from 120 to 750 °C. Based on [135], 
weight loss in each temperature interval is assigned to the removal of different surface species: 
30 to 120 °C → humidity, 120 to 300 °C → weakly bonded OH groups, and 300 to 600 °C → 
strongly bonded OH groups.  
3.5.7. Photoluminescence spectra 





considering that PL emission is generated by the recombination of free charge carriers. The PL 
emission spectra are measured using a PerkinElmer LS45 Fluorescence spectrometer. The 
excitation wavelength and the scanning speed are 300 nm and 500 nm/min, respectively, and the 
width of excitation and emission slits are 10.0 nm. 
3.5.8. Hydroxyl radical analysis 
In order to measure the amount of 
•
OH formed on the surface of UV-illuminated TiO2, 
photoluminescence method with terephthalic acid (TA) as a probe molecule is employed. It is 
known that hydroxyl radicals rapidly react with TA and produce highly fluorescent 2-
hydroxyterephthalic acid (2-HTA). Therefore, the intensity of the PL peak of 2-HTA is in 
proportion to the concentration of 
•
OH generated on photocatalyst. 100 mg TiO2 is dispersed in 
30 ml of an aqueous solution containing 2 mmol/L NaOH and 0.5 mmol/L TA in a glass dish 
with 9 cm diameter and 2 cm depth. The concentration of TA is chosen based on the work of 




 M TA, the hydroxylation 
reactions of TA proceed mainly by ●OH [136]. It has been shown that at this TA concentration, 
2-HTA absorption or fluorescence quenching is not significant and the correlation between 2-
HTA concentration and PL intensity is linear [137]. The solution is stirred for 20 min in darkness 
at ambient temperature to obtain a homogenous suspension prior to irradiation. For illumination, 
a 254-nm UV lamp (Philips, TUV PL-S 5W/4P) is horizontally placed 5 cm above the center of 
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the dish. After 15 min of illumination, 4 ml aliquot is drawn, and immediately filtered using a 
0.22 µm syringe filter to remove TiO2 particles and acquire a clear solution. The fluorescence 
emission intensity of 2-HTA is measured at 426 nm after excitation at 315 nm on the 
fluorescence spectrophotometer. The PMT voltage and width of excitation (and emission) slit are 
600 V and 5 nm, respectively. 
3.5.9. UV adsorption spectra 
The UV-vis spectrum can be used to calculate the band gaps of semiconductor materials. Diffuse 
reflectance UV-visible spectra of samples are obtained over a range of 200-800 nm by a Perkin-
Elmer Lambda 750 spectrophotometer, in which BaSO4 is used as the background. The band gap 
energies are determined by plotting (αhν)2 versus energy of light (hν) (Tauc plot) where α is the 
absorption coefficient, h is the plank constant and v is the frequency. The extrapolation of the 
straight line from the Tauc region intercepts the x axis (hν) to give the direct band gap of the 















4. Adsorption and photocatalytic oxidation performance of commercial 
titanium dioxide photocatalysts 
4.1. Gas phase adsorption of toluene and MEK onto titanium dioxide: Detailed FTIR and 
adsorption isotherm studies  
Adsorption of pollutants on photocatalyst surface plays a critical role in the efficacy of 
photocatalytic oxidation technology for air purification applications. It is upon the adsorption on 
the surface that pollutant molecules come into contact with highly active species/radicals (such 
as          
  ) and undergo photochemical reactions [138, 139]. From another perspective, 




 pairs takes places extremely fast (<25 μs [9]), the species that 
can act as charge carrier traps must be pre-adsorbed on the surface in order to make interfacial 




 recombination process. Although a great number 
of articles have been published on the performance of PCO systems, only a few studies have 
specifically focused on the adsorption of organic contaminants on TiO2. More importantly, in 
most of the experiments dedicated to study the adsorption of VOCs on photocatalysts, the impact 
of relative humidity on the adsorption isotherms has not been fully investigated. On the other 
hand, the role of surface hydroxyl groups in the interaction of TiO2 surface with adsorbates 
molecules other than water is still unclear. To address these research gaps, the main objective of 
this section is to provide a systematic adsorption study of toluene and MEK over titanium 
dioxide at different levels of relative humidity (0, 20, or 50%). The adsorption performances of 
six commercially available titanium dioxide photocatalysts (P25, PC500, PC105, UV100, PC-S7, 
and S5-300A) coated on nickel foam substrates were determined and adsorption isotherms were 
presented. Knowing the importance of hydroxyl groups in the adsorption process, FTIR analysis 
was employed to study the type and concentration of OH groups on titania surface and 
subsequently to determine the contribution of these groups to the adsorption of VOC molecules. 
Based on the structural properties of selected photocatalysts and the results obtained from FTIR 
analyses attempts are made to provide clear explanations for different adsorption trends observed 
for each titania sample and connect the key properties of the air filter to its adsorption capacity 




4.1.1.1. Materials  
P25 from Evonik
®
, PC500, PC105, PC-S7 and S5-300A from Cristal Global Companies, and 
UV100 from Hombikat
® 
were selected titanium dioxide photocatalysts in this study. Some of the 
main characteristics of the photocatalysts are tabulated in Table ‎4.1 [27, 140, 141]. Toluene 
(99.9%) and MEK (99.9%) (Fisher Scientific Inc., Canada) were chosen as air contaminants and 
the relevant physical properties of these compounds are given in Table 4.2. 










P25 50 - Non-porous material with interparticle pores 
PC500 276 6.1 
Type IV sorption isotherms indicates presence of 
mesopores 
PC105 80 15.3 - 
PC-S7 300 - Neural to moderately alkaline pH 
S5-300A 330 - Acidic 
UV100 330 <5 Agglomeration of small subparticles generates microporous  
 
Table ‎4.2 Physical properties of selected VOCs 









Toluene Aromatics C7H8 92.1 111.1 0.36 0.52  
MEK ketones C4H8O 72.1 79.4 2.76 275 
4.1.1.2. Experimental procedure 
The experimental set-up design and operation are explained in details in section 3.1.1; therefore 
here, only some of the specific points during the adsorption tests are highlighted. After installing 
the filter, airflow with target humidity is introduced into the reactor and simultaneously the 
injection of VOC is initiated. The challenge compound is automatically injected by the syringe 
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pump into the airflow. The start of injection is considered as time zero, and the adsorption 
efficiency and amount adsorbed on titania is calculated based on this time scale. The 
concentrations of the pollutant before and after the air filter are continuously recorded by PID 
detector (ppb3000 RAE). Table ‎4.3 summarizes the main experimental conditions as well as the 
uncertainty level for some of the parameters. It is also worth mentioning that the nickel foam 
filter without coating showed marginal adsorption capacity toward MEK (θ = 0.00101 
gMEK/gsupport) and toluene (θ = 0.00096 gToluene/gsupport), meaning the adsorption capacity can be 
solely attributed to titania nanoparticles. 
Table ‎4.3 Experimental conditions in adsorption tests 
Parameter Value  Unit 
Inlet concentration 0.5 ± 0.04, 1 ± 0.05, 2 ± 0.1, 4 ± 
0.1, 10 ± 0.15, 20 ± 0.2  
ppm 
Relative humidity 0, 20 ± 2, 50 ± 2  % 
Volumetric flow rate  12 ± 0.2 L/min 
Residence time 0.05  s 
Temperature 19.5 ± 0.5 °C 
TiO2 concentration 1.5± 0.09 mg/cm
2
 
4.1.1.3. FTIR tests procedure 
In order to identify the type and relative concentration of hydroxyl groups on the surface, FTIR 
analyses were performed on fresh titania powders (i.e. without VOC adsorption). Additionally, in 
order to minimize the interference between the –OH signals of adsorbed water and surface 
hydroxyls and also evaluate the thermal stability of various kinds of OH groups, titania powders 
were calcined at 100 ˚C for 12 h or at 325 ˚C for 3 h in air-oven before FTIR analysis.  
A number of experiments were conducted on the static adsorption of toluene and MEK on 
different titania photocatalysts in dry condition. Briefly, 100 mg of fresh titania powder were 
placed inside a glass test tube and compressed air was passed over the sample for 30 min. 
Immediately, the system was sealed and a certain volume of liquid pollutant (100 µL for MEK 
and 25 µL for toluene) was introduced into the vial with a syringe, via a septum. It should be 
emphasized that the liquid was added dropwise to a glass wool at the bottom of the vial without 
directly contacting the titania sample. The amounts of injected VOCs were determined based on 
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the results of adsorption tests under dry conditions in the continuous system and guarantee 
complete saturation of the catalyst. After the adsorption equilibrium was reached at room 
temperature (about 5 h after the injection), IR spectra of the solid phase were collected.  
4.1.1.4. Adsorption performance indicators 
The adsorption efficiency was determined with the following expression: 
( )
( )












outC are the upstream and downstream concentrations at time t(min), respectively. 
In order to calculate the adsorption capacity of each TiO2 nanopowder, the concentrations of 
challenge compound in air at the inlet and outlet of the reactor were measured. The adsorption 
capacity is defined as the ratio between the total mass of VOC adsorbed till the adsorption 
equilibrium time and the mass of titania on the support. The adsorption capacity (θ) was 
calculated as follows: 
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where tequ is the elapsed time of adsorption test; Q is the airflow rate; and mTiO2 is the mass of 
TiO2 coated on the nickel foam filter [142].    
In this study, depending on TiO2 photocatalyst and target VOC, Langmuir or Henry adsorption 
(for low toluene concentrations) has been used to model the results of adsorption tests.  
For the Langmuir isotherm model the following functional form of isotherm was considered 











where θ is the amount of pollutant (toluene or MEK) adsorbed per mass of titanium dioxide on 
the filter, µmax is the maximum amount adsorbed, Ka is the adsorption equilibrium constant, and 
C is the concentration of challenge compound.  
When the concentration of pollutant in air is very low, the term KaC will be much smaller than 
unity and can be neglected; therefore, equation 3 can be written as follows: 
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max = a LK C K C    (4.4) 
In this equation, KL incorporates the Langmuir adsorption constant and the maximum amount of 
adsorbed. As a result, a linear relation between θ and concentration at equilibrium can be 
expected in some cases.  
The coverage value for each photocatalyst based on the adsorption capacity at 4 ppm and dry 
condition is calculated as follows: 
 Toluene/MEK at 4 ppm and 0% RH
 
Coverage value






4.1.2. Results and discussion 
4.1.2.1. Characterization of TiO2 coated filters 
The morphology and microstructure of TiO2 coated filters were investigated by SEM. Figure ‎4.1 
presents the SEM images of TiO2 (UV100) coated on nickel foam filters at different 
magnifications. As can be observed, the nickel foam filter has a 3-D porous structure and the 
pore size ranges from 100 to 600 µm. Figure ‎4.1b demonstrates that UV100 nanoparticles are 
mainly deposited on filter surfaces and accumulated in the hexagonal void space of the foam. 
Figure ‎4.1c and d represent large magnifications of the filter coated with UV100 and clearly 
confirms the presence of macropores formed by the accumulation of nanoparticles, which 
facilitate the diffusion of pollutant molecules. In order to quantitatively determine the 
composition on the surface of the filter and acquire more information regarding the quality of 
coating, energy dispersive spectroscopy (INCA system, Oxford Instruments) was employed. 
Figure ‎4.2 and Table ‎4.4 present the obtained data from EDS analysis for the filters coated with 
PC500 and UV100. As can be inferred from the result of elemental composition, the surface of 
support material is entirely coated with titania (Spectrum 1 in Figure ‎4.2a and b and Spectrum 2 
in Figure ‎4.2a) while on the sharp edges of all filters (such as Spectrum 2 in Figure ‎4.2b) poorer 




Figure ‎4.1 SEM images of UV100 coated nickel filters at different magnification 
 
 
Figure ‎4.2 EDS analysis for selected TiO2-coated nickel filters, (a) PC500 and (b) UV100 
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Table ‎4.4 Elemental composition of the surface of TiO2-coated nickel filters 
Spectrum O (wt%) Ti (wt%) Ni (wt%) 
                           Figure ‎4.2a 
Spectrum 1 51.13 46.79 2.08 
Spectrum 2 46.5 50.35 3.15 
                           Figure ‎4.2b 
Spectrum 1 40.37 56.3 3.33 
Spectrum 2 20.87 20.28 58.85 
4.1.2.2. Characterization of surface hydroxyl groups 
Hydroxyl groups on TiO2 surface are believed to be effective active centres for gaseous VOCs 
adsorption and thereby their nature and distribution can be the determining factor of TiO2 
behavior [29, 94, 144]. FTIR is one of the suitable techniques to study surface hydroxyls and 
adsorption of water molecules on metal oxides. Consequently, numerous experimental and 
theoretical works have been published on water adsorption on titania surface and characterization 
of surface hydroxyls by means of FTIR spectroscopy [145, 146]. In order to find a correlation 
between catalyst adsorption performance and the type and concentration of hydroxyl groups, 
FTIR analyses have been done on fresh and calcined titania powders. Figure ‎4.3 demonstrates 
the FTIR spectra of titania samples (fresh and calcined) in the OH spectral region, 3800 to 2800 
cm
-1
. All untreated titania samples (red curves) exhibit a broad and intense IR absorption in the 
3600-2800 cm
-1
 range. The absorption in this region is widely attributed to different types of 
hydroxyl groups with acid/base character, water molecules coordinatively adsorbed on surface 
Ti
4+
 cations, and un-dissociated water molecules bonded via weak hydrogen bonds to each other 
and/or to OH-groups of solid [27, 146-149]. Noticeably, the IR absorption for S5-300A in this 
region is more intense compared to other samples, which can be an indicator of higher amount of 
adsorbed water/OH groups on the surface. It is noteworthy that unlike other samples, the spectra 
of PC-S7 in the 3600-2800 cm
-1
 range has a maximum at 3150-3050 cm
-1
 which has been 
specifically assigned to the molecular adsorption of water on titania surface [144]. The bands at 
frequencies higher than 3600 cm
-1
 are generally assigned to the stretching mode (ʋOH) of all -OH 
species free from hydrogen bonding interactions [27, 144]. In this regard, the band at 3663 cm
-1
 





 is assignable to acidic hydroxyl groups [94, 150, 151] or adsorbed water [147, 152]. All titania 
photocatalysts possess a sharp adsorption band at 3700-3695 cm
-1
 which is widely accepted that 
results from isolated hydroxyl groups [29, 146, 153]. The strong band at 3728 cm
-1
 which exits 
in the spectra of all samples is also assigned to the stretching mode of isolated hydroxyls [147]. It 
has been proposed that ʋOH bands at frequencies higher than 3680 cm
-1
 can be assigned to 
terminal hydroxyl groups (Ti-OH), while bands at lower frequencies can be due to bridged -OH 
(Ti-OH-Ti) [147, 149]. It is to be noted that fresh PC105 and P25 show much more intense 
absorption bands in the 3700-3695 cm
-1 
range which implies larger population of isolated linear 
hydroxyl groups on the surface of these samples.   
In order to provide a clearer view of spectral components at 3750-3600 cm
-1
 range (i.e. without 
the interference of adsorbed water), two thermal treatments were examined. In the first 
procedure, samples were dried at 100 ˚C for 12 h, which resulted in a substantial decrement in 
the intensity of IR absorbance in 3600-2800 cm
-1
 range due to the removal of physically bound 
water as shown in Figure ‎4.3 (green curves). The more significant decrease in spectra of PC105 
and S5-300A in this region may be ascribed to the higher amount of removed weakly adsorbed 
water. For P25, PC500, S5-300A and PC105, the treatment at 100 ˚C did not considerably 
change the positions of the bands in the 3750-3600 cm
-1
 range and only moderately reduced the 
adsorption intensities. In the case of PC-S7, the absorption intensity for almost all the bands in 
this region greatly decreased after drying at 100 ˚C. In all spectra after treatment, a new band at 
3646 cm
-1
 appeared, which according to the literature and the behavior may be assigned to 
another type of isolated hydroxyl group [147]. For P25, PC500, PC105, and UV100 a new band 
located at 3670 cm
-1
 was seen in the spectra which has been ascribed to bridging –OH group [27, 





stronger with thermal treatment. It led us to believe that many of the OH groups of UV100 were 
freed from H-bond to water upon drying and gave rise to sharper bands/subbands in these 
frequencies. In the second thermal treatment, samples were calcined at 325 ˚C for 3 h, which 
made the spectra much less complex in the 3750-3600 cm
-1 
region and smoother in the 3600-
2800 cm
-1
 range (as shown in Figure ‎4.3 (blue curves)). The calcination at this temperature 
should practically remove all the signals of adsorbed water and not considerably affect free OH 
species [154]. Nevertheless, it should be mentioned that the presence of trace amount of water in 




Figure ‎4.3 FTIR spectra of the TiO2 samples in the hydroxyl group region: fresh (red); dried at 100 ˚C 




After calcination, for all samples, there is a broad and dominant peak between 3728-3625 cm
-1
 
with maximum at ca. 3663 cm
-1
 and some shoulders which can be assigned to OH groups with 
basic character as well as other types of isolated hydroxyls [94, 148, 150, 152]. Two bands at 
3714 and 3613 cm
-1
 appeared in the spectra of some samples upon calcination can be assigned to 
isolated OH group bound to the anatase phase [147] and free OH groups [109].  
4.1.2.3. Adsorption efficiency at dry condition  
Figure ‎4.4 shows the variations of toluene adsorption efficiency with time for different TiO2 
photocatalysts for experiments conducted in dry air. For all samples, the complete toluene 
removal efficiency (i.e. 100%) during the first few minutes of adsorption is followed by a sharp 
decline over the first hour. UV100, PC500, and S5-300A (Group 1) demonstrated significantly 
superior adsorption ability with respect to P25, PC105, and PC-S7 (Group 2). As can be 
observed, the complete saturation (i.e. zero toluene uptake) of Group 2 samples reached 50 min 
after injection started while on the titania samples from Group 1, the adsorption was prolonged 
for almost 6 h. Nevertheless, even in the case of Group 1, the adsorption efficiency decreased 
from 70-100% at t = 20 min to 5-18% at t = 120 min, indicating weak interaction between 
toluene and titania. 
  

























































Figure ‎4.5 depicts the MEK adsorption efficiency with time for various TiO2 samples at 0% 
relative humidity and concentration of 1 ppm. For Group 1 catalysts, the adsorption efficiency 
experiences a slight reduction from 100% to 80% in the first 200 min followed by a steady and 
gradual decrease until it reaches 100% breakthrough after 1400-1800 min. On the other hand, 
Group 2 samples indicate a substantial efficiency loss in the first 200 min of the adsorption test 
and have MEK adsorption efficiencies smaller than 10% after only 500 min. Among various 
adsorbents, PC500 offers a remarkable MEK adsorption efficiency (>90%) within the first 300 
min of operation which is roughly 12-18% higher than the rest of the samples in Group 1.  
 
Figure ‎4.5 MEK adsorption efficiency with time at 0% RH and 1 ppm concentration 
As presented in Table ‎4.1, PC500, UV100, and S5-300A possess much larger BET surface areas 
with respect to P25 and PC105. Accordingly, it seems reasonable to acquire higher adsorption 
capacity for Group 1 samples since larger surface area offers more available adsorption sites for 
molecular diffusion of pollutants. Regarding Group 2 samples, marginal superiority of PC105 
over P25 in terms of adsorption capacity for toluene and MEK can be justified by comparing 
these samples surface areas. In contrast, in spite of its high surface area (300 m
2
/g), PC-S7 has 

































surface area. This might be partly originated from the huge amount of water present on fresh PC-
S7 surface which barricades the access of toluene to the surface adsorption sites.   
4.1.2.4. Adsorption isotherms at dry condition  
Figure ‎4.6 displays the equilibrium adsorption isotherms for toluene for different titania samples 
in the absence of humidity. Once the adsorption equilibrium is reached, the rates of VOC 
desorption and adsorption on the surface is equal and, therefore, it can be easily recognized by 
comparing the concentration of target VOC upstream and downstream of the adsorbent. As could 
be predicted from adsorption efficiency results, Group 1 samples have much higher θ values than 
Group 2. Except P25 and PC105, all adsorption isotherms for toluene acceptably match with the 
Langmuir adsorption model in the concentration range (0.5-10 ppm).  
 
Figure ‎4.6 Adsorption isotherms for toluene under dry condition (dashed line: regression using 




























































For P25 and PC105, the simplified form of Langmuir isotherm (Henry model) reproduces the 
experimental results obtained from toluene adsorption in low concentrations with greater 
accuracy. Consequently, one can deduce that the adsorption behavior of P25 and PC105 follow 
ideal monolayer adsorption (conceptual basis for Langmuir model) at low ppm toluene 
concentrations (0.5-4 ppm). Zhong et al. [155] also reported that toluene (0.5-5 ppm) adsorption 
isotherm onto TiO2 (surface area = 105.7 m
2
/g) is Henry type. Similarly, Demeestere et al. [156] 
investigated the adsorption of toluene on P25 at 0% and 57.8% relative humidity and acquired 
linear relationship between θ and equilibrium concentration. As represented in Table ‎4.5, Group 
1 samples possess the highest maximum adsorption capacities (μmax) which follow the sequence: 
PC500 > S5-300A > UV100. For P25 and PC105, the values of KL determined from Henry 
model are given in Table ‎4.5 instead of μmax and Ka.  
Equilibrium adsorption isotherms of MEK for different photocatalysts in the absence of humidity 
are presented in Figure ‎4.7. Similar to the isotherms for toluene, Group 1 titania catalysts offer 
much higher adsorption capacity than Group 2. In the case of MEK, all the experimental data for 
MEK adsorption, in the concentration range of 1-20 ppm, could be represented by Langmuir 
model with sufficient accuracy. The main difference that can be easily noticed by comparing 
Figure ‎4.6 and Figure ‎4.7 is the wider gaps between the adsorption capacities for Group 1 and 
Group 2 samples for MEK. For instance, at 10 ppm, the adsorption capacity for Group 2 is 
0.025-0.05 gMEK/gTiO2 (PC105 > PC-S7 > P25), while Group 1 samples provide much higher 
values: 0.171, 0.145, and 0.120 gMEK/gTiO2 for S5-300A, PC500, and UV100, respectively. One 
possible explanation is that due to better interaction between TiO2 and MEK, the key properties 
of photocatalyst in adsorption such as surface area and porosity become more influential. As can 
be seen in Table ‎4.5, the maximum adsorption capacity follows the order: S5-300A > PC500 > 
UV100 > PC105 > PC-S7 > P25 which is in good agreement with the experimental data given in 
Figure ‎4.7. On the other hand, μmax values for MEK are much higher than the ones for toluene, 








Figure ‎4.7 Adsorption isotherms for MEK under dry condition (dashed line: regression using 
Langmuir isotherm model and Langmuir parameters given in Table ‎4.5) 
4.1.2.5. Adsorption isotherms in the presence of humidity  
It is well known that water vapor can bond to various types of OH surface groups on TiO2 via 
hydrogen bond. Additionally, water molecules can form a well-organized multilayer film, which 
drastically weaken the attraction forces between VOC molecules and TiO2 surface [100, 157]. 
Hagglund et al. [158] reported that the coverage of water molecules on TiO2 with 250 m
2
/g 
surface area at 25% RH is between 0.3 ML and 3 ML (1 ML= bilayer of water molecules). In 
another study, Goodman et al. [159] calculated that P25 surface is covered with a monolayer and 
2 layers of water at RH = 11% and RH = 57%, respectively. The second detrimental effect of 
humidity is that water molecules compete with VOCs for adsorption sites available on TiO2. 
Taking into account the high concentration of water vapor (thousands of ppm) and very low 
concentration of VOCs (tens of ppb), clearly water vapor can overpower the adsorption of VOCs 
over TiO2 [100, 160]. Besides that, since hydrogen bonding for water is stronger than van der 







































Table ‎4.5 Langmuir parameters for toluene and MEK adsorption on various photocatalysts under dry 


























0.0261 4.558 0.99 




0.0529 0.6882 0.99 
PC-S7 0 0.0242 0.3727 0.96 
 
0.0472 0.3024 0.92 
PC500 0 0.0454 0.4245 0.97  0.1754 0.4709 0.98 
20 0.0172 0.1272 0.97  0.1366 0.1254 0.99 
50 0.0116 0.0979 0.98  0.1207 0.0972 0.97 
UV100 0 0.0254 1.0175 0.99  0.1554 0.4587 0.99 
20 0.0066 0.4583 0.97  0.1095 0.1069 0.97 
50 0.0043 0.2435 0.97  0.0943 0.0785 0.93 
S5-300A 0 0.0311 0.7831 0.98  0.214 0.3174 0.95 
20 0.0094 0.2809 0.98  0.1258 0.0762 0.98 
50 0.0057 0.2230 0.96  0.1136 0.0522 0.98 
a 
For adsorption of toluene over P25 and PC105 at dry condition, these values represent KL calculated based Henry 
adsorption model. 
 
In order to quantitatively assess the impact of humidity on the adsorption of toluene and MEK, 
PC500, UV100 and S5-300A, which showed superior performance in dry condition, were tested 
in humid air (20% and 50% RH). The adsorption isotherms of toluene at different humidity 
levels over Group 1 samples are depicted in Figure ‎4.8. As the RH is increased from 0 to 20%, 
the amount of adsorbed toluene drastically decreases for all three samples. This sharp decline in 
the adsorbent capacity for organic molecules can be partly ascribed to the adsorbed water film, 
which physically hinders the contact between TiO2 and toluene. In order for toluene to be 
adsorbed on the surface, the water layer must accommodate toluene non-polar molecules, which 
necessitates the reorientation of water molecules and change in entropy which are highly 
unfavorable [161]. On the other hand, considering the hydrophobic nature of toluene, it is very 
unlikely that toluene molecules be able to attach to or dissolve in the water film on titania 
surface. In this regard, similar trend was observed in the adsorption of cyclohexane, 
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chlorobenzene, and benzene over P25 and ascribed to the hydrophobicity of these compounds 
[36, 40, 162]. Besides that, considering the concentration of water and toluene in the upstream 
air (~ 5100 ppm vs. 0.5-10 ppm), the adsorption competition between water molecule and 
toluene for active sites can play an important role. Taking into account that both water molecule 
and toluene can be adsorbed on the same receptor sites, a competitive interaction can be 
expected.  
 
Figure ‎4.8 Adsorption isotherms of toluene over Group 1 photocatalysts at 0% (●), 20% (), and 50% 
( ) relative humidity (dashed line: regression using Langmuir model and Langmuir parameters given 






































































As noted, at 500 ppb concentration the adsorption capacity is almost equal to zero for both 
humidity levels and on all photocatalysts due to the absolute dominance of water molecule over 
toluene in competition for active sites. Moreover, at low concentrations (≤ 4 ppm) and 20% or 
50% RH, the difference between toluene adsorption capacities of Group 1 samples is 
imperceptible, pointing out that regardless of the titania surface area and surface chemistry, 
water molecule can be very detrimental to adsorption. The Langmuir parameters determined 
from adsorption isotherms of toluene at 20% and 50% RH are summarized in Table ‎4.5. In terms 
of maximum adsorption capacity, PC500 by far outperforms UV100 and S5-300A under both 
humidity levels despite the fact that its surface area is smaller than UV100 and S5-300A. The 
Langmuir adsorption constant (Ka) significantly reduces with increasing the humidity level. 
Figure ‎4.9 displays the adsorption isotherms of MEK for Group 1 samples at different humidity 
levels. As can be seen, by increasing the relative humidity from 0 to 20%, the adsorption 
capacity experiences a considerable decline. This observation validates that even for compounds 
which are water soluble and polar (such as MEK), the inhibitive effect of humidity can still be 
significant [100]. Likewise, Kibanova et al. [41] demonstrated that in spite of formaldehyde 
hydrophilicity, its adsorption on P25 in the presence of humidity was strongly reduced. This can 
be explained by taking into account that even for polar organic molecules that can form H-bond 
with water, the adsorption of organic molecule entails disruption in the well-organized water 
network on titania surface [163]. As evident from Figure ‎4.8 and Figure ‎4.9, compared to 
toluene, the values of (θdry- θHumid/θdry) for all titania samples are much smaller in the case of 
MEK. The less intense impact of humidity on the adsorption of MEK is due to the hydrophilic 
character of MEK and its high water solubility (275 g/L). This is understandable since MEK can 
more easily penetrate the water layer and/or compete with water molecules for adsorption sites 
[36]. Considering the Langmuir parameters for MEK adsorption in Table ‎4.5, in all cases, the 
maximum adsorption capacities are substantially larger than those for toluene adsorption and 
follow the order: PC500 > S5-300A > UV100. At 20 and 50% relative humidity, the 
considerable decrement in MEK maximum adsorption capacities and Ka values underlines the 
fact that MEK is precluded from contacting titania despite its strong affinity owing to its large 
dipole moment.  
In order to explain this behavior, it should be highlighted that considering the surface areas of 
photocatalysts tested (Group 1) in humid condition, according to the literature [158, 159] at RH 
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= 20% incomplete surface coverage (< monolayer of water molecules) and at RH = 50% multiple 
layers of water molecules (> bilayer) can be envisaged. Consequently, it seems logical to assume 
that when the surface is not completely covered with water, VOC molecules can adsorb on the 
unoccupied fraction of titania. 
 
Figure ‎4.9 Adsorption isotherms of MEK over Group 1 photocatalysts at 0% (●), 20% (), and 50% () 









































































4.1.2.6. FTIR characterization of adsorbed toluene and MEK 
To more closely investigate the interactions between challenge VOC and the titania samples, 
static adsorption of toluene and MEK on titania was conducted and subsequently solid phase was 
characterized by FTIR spectroscopy. It should be mentioned that only the data of Group 1 
samples are reported here for the sake of brevity, being the behavior of the Group 2 titania 
markedly similar. Figure ‎4.10 demonstrates the FTIR spectra of Group 1 photocatalysts after 
being exposed to gas-phase toluene for 5 h. As can be seen in this figure, most surface toluene 
bands are at frequencies similar to those of liquid toluene (gray curve). In this regard, the bands 
in Figure ‎4.10 are 1030 and 1179 (δ(CH) [164]), 1379 and 1459 (symmetric and asymmetric 
bending modes of the methyl group [109, 164, 165]), 1495 and 1604 (ʋ(C=C) aromatic ring [148, 
165]), 2915 (ʋ(CH3) [27, 150, 164]), and 3025, 3060 and 3085 cm
-1
 (ʋ(CH) of aromatic ring 
[148, 164]). The broad band between 1640-1620 cm
-1
 with a maximum at 1635 cm 
-1
, which is 
present in all samples, is assignable to bending mode adsorbed water [145, 148]. In the low 
frequency range (1800-600 cm
-1
), beside the new absorption bands due to toluene adsorbed on 
the surface, no notable difference between the spectra of titania after and before adsorption was 
observed. In the high frequency range, several bands appeared in the range of 3100-2800 cm
-1
 
which result from toluene adsorption on the surface. 
The following facts can be deduced from comparing the spectra of titania before and after 
interaction with toluene in the high frequency range: 
 For all samples, there is a redshift for band at 3728 to 3715 cm-1 due to the interaction 
between terminal isolated hydroxyl and toluene.  
 The peak at 3700 cm-1 for UV100 and S5-300A and 3695 cm-1 for PC500 is considerably 
reduced and a new band appeared at 3686 cm
-1
 which might be attributed to the redshift 
of band in 3700-3695 cm
-1
(isolated hydroxyl groups).  
 For PC500 and S5-300A the band at 3625 cm-1 (sign of acidic OH groups) and for PC500 
the band at 3663 cm
-1
 (sign of basic OH groups) completely disappeared after toluene 
adsorption.  
 For UV100, after saturation of titania with toluene a complex band between 3675 and 
3500 cm
-1
 appeared which could be ascribed to the sum effect of interactions of OH 
groups (positioned at 3663, 3625 and 3600 cm
-1) and П electrons of toluene [150].   
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 For PC500, the broad band in the 3600-2800 cm-1 region (H-bonded OH groups) became 
stronger after adsorption test.  
 
Figure ‎4.10 FTIR spectra of liquid toluene and Group 1 TiO2 samples before (solid lines) and after 
(dashed lines) adsorption of toluene 
The amounts of adsorbed toluene on Group 1 catalysts, presented in Figure ‎4.6, agree well with 
the intensity of the FTIR peaks in Figure ‎4.10 and can be ranked as PC500 > S5-300A > UV100. 
From the FTIR results, it may be inferred that toluene dominantly interact with the isolated 
hydroxyl groups of titania and to a much smaller extent with H-bounded OH groups.  
The FTIR spectra of titania samples when brought into contact with MEK are represented in 
Figure ‎4.11. Similar to toluene, all surface MEK bands, except the band at 1713 cm
-1
, are at 
frequencies similar to those of liquid MEK (gray curve). The main bands of the liquid MEK in 
Figure ‎4.11 are 1170 (C-CO-C bend), 1365, 1415, and 1460 (C-H bending [166]), 1713 (C=O 
stretching [166-168]), and bands between 2980-2880 cm
-1
 (C-H stretching [166]).  
In the low frequency range of Figure ‎4.11, three sharp peaks at 1170, 1365, and 1711-1707 cm
-1
 
appeared in the titania samples after being in contact with MEK for 5 h because of the adsorption 























red shifted to 1711 cm
-1
 for UV100 and S5-300 and to 1707 cm
-1
 for PC500 which reveals that 
binding MEK molecules occurs with engagement of carbonyl groups [145, 166]. Verbruggen et 
al. [145] proposed two adsorption mechanism for acetaldehyde on P25: via OH-Ti and carbonyl 
bonding to Ti
4+
, while in our study, only the former was observed in all FTIR experiments (both 
Group 1 and 2). It is noteworthy that the intensities of bands due to adsorbed MEK on different 
titania samples (dashed lines in Figure ‎4.11) follow the order of S5-300A > PC500 > UV100 
which corresponds well with the data presented in Figure ‎4.7.  
 
Figure ‎4.11 FTIR spectra of liquid MEK and Group 1 TiO2 samples before (solid lines) and after 
(dashed lines) adsorption of MEK 
In the high frequency region titania photocatalysts experienced significant changes upon contact 
with MEK which can be summarized as follows:  
 For all samples, the new bands at 2980-2880 cm-1 are attributable to adsorbed MEK on 
titania surface. 
 The broad band between 3600-2800 cm-1 in original spectra became more intense 
especially in the case of S5-300A and PC500, showing presence of huge amount of 



















 Similar to toluene static adsorption, there is a redshift for band at 3728 to 3715 cm-1 due 
to the interaction between terminal isolated hydroxyls and MEK.  
 For all titania photocatalysts, the rest of the bands related to free OH groups in the range 
of 3700-3600 cm
-1
 completely disappeared or significantly diminished after adsorption of 
MEK.  
4.1.2.7. Interaction between VOCs and titania photocatalysts 
Regarding the adsorption of ketones (e.g. MEK) on TiO2, it has been suggested that the high 
electron-donor ability of carbonyl group facilitates adsorption via H-bonding to the surface 
hydroxyl groups of titania [169, 170]. Unlike MEK which can be chemisorbed on titania via H-
bonding, physisorption of toluene on TiO2 surface is non-dissociative and could take place 
through weak Π-bonding to surface hydroxyls [34, 171]. It is also noteworthy that the main inter-
molecular forces mediating the interactions between aromatics and titania surface are of van der 
Waals type, while for ketones, the carbonyl group high dipole moment leads to stronger dipole-
dipole interactions [155]. The aforementioned facts along with more polar and water soluble 
nature of MEK result in greater adsorption of MEK compared to toluene on titania surface. This 
could also be recognized by comparing the intensity growth of the wide band in 3600-2800 cm
-1 
region before and after adsorption of toluene (Figure ‎4.10) and MEK (Figure ‎4.11). Similar trend 
was observed by Zhong et al. [155] in a study on the adsorption of VOCs on TiO2 coated 
fiberglass fibers. They found out that the adsorption capacity follows the sequence: alcohols > 
ketones and terpenes > aromatics > alkanes. Similarly, Alberici and Jardim [172] found the 
following order for affinity between various VOCs and P25: alcohols > ketones > aromatics > 
alkanes. In the presence of humidity, the interactions between organic molecules and TiO2 
surface are greatly altered. The adsorbed water film on hydrophilic titania diminishes the 
accessibility of organic vapors to active sites. Therefore, the adsorption capacity is mostly 
affected by the diffusion and dissolution of the pollutant into the water layer which depends on 
the hydrophilicity of the VOC. Accordingly, it appears that higher hydrophilicity would bring 
about greater sorption capacity for the VOC.  
The calculated coverage values for different photocatalysts are given in Table ‎4.6. Kirchnerova 
et al. [173] attained 3.5 and 2.8 molecules n-butanol/nm
2 
on P25 and UV100, respectively, in humid 
air at 580 ppm concentration. For ethanol adsorption on P25 (inlet concentration of 10-200 ppm) 
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and 2-propanol adsorption on anatase titania, 2.8 and 2.22 molecules/nm
2
 were reported, 
respectively [143, 174]. Data presented in Table ‎4.6 reveals that despite the fact that Group 1 
samples offer higher adsorption capacity for MEK and toluene, once the contribution of surface 
area is removed (i.e. coverage value), P25 and PC105 significantly surpassed other 
photocatalysts in terms of the number of adsorbed VOC molecule per unit area. FTIR results 
show that the concentrations of free hydroxyl groups on P25 and PC105 are the largest among all 
samples which can support the higher coverage values obtained on P25 and PC105.  
 
Table ‎4.6 Coverage values for MEK and toluene at dry condition and 4 ppm inlet concentration 






MEK 3.96 2.87 2.29 3.79 0.59 2.26 















4.2. Photocatalytic degradation of toluene and MEK: Impact of operating parameters on 
removal efficiency and by-products generation 
Together with the properties of air filter (i.e. surface area, adsorbability, crystallinity, etc.), 
operating conditions including relative humidity, airflow rate, and light intensity can also affect 
different steps of photocatalysis. Consequently, the VOC removal efficiency and the amount and 
type of generated by-products vary significantly with these parameters. Relative humidity exerts 
great influence on both the adsorption process (section 4.1) and the rate of photocatalytic 
reaction mainly due to the involvement of water in formation of hydroxyl radicals. ASHRAE 
Standard 62.1-2016 suggests relative humidity to be kept under 65% in occupied spaces and 
EPA recommends the range of 30 to 50% for an indoor environment. Thus, it is of great practical 
importance to assess the performance of new catalytic air purification technologies at these 
recommended conditions for humidity. Assessing the performance under long residence times 
(up to several minutes) is a main shortcoming in most of the previous laboratory studies which 
can lead to considerable overestimation of the capability of air cleaners. In air handling units of 
buildings, the contact time between the air and the catalytic filter is normally in the range of tens 
of milliseconds. Finally, it is important to determine the photocatalytic performance at low 
concentrations, as in indoor environment the concentration of VOCs individually does not 
exceed tens of ppb. This point has been overlooked in earlier studies on indoor air treatment 
mainly due to analytical and technical challenges one encounters in experiments with VOCs in 
low ppb levels. Considering these issues, in this section the photocatalytic performance of 
PC500, UV100, and S5-300A (which exhibited the highest adsorption capacity for toluene and 
MEK (section 4.1)) and P25 (as a reference photocatalyst) were examined in wide ranges of key 
operating conditions including inlet concentration (100-1000 ppb), relative humidity (0-50% at 
23 ˚C), light intensity (12.5-50 W∙m-2), and residence time (0.02-0.1 sec). Considering the 
differences in the key properties of these photocatalysts (e.g. crystallinity and surface area), a 
comprehensive assessment of photocatalyst activity at wide ranges of operating conditions 
enables us to have a clearer understanding of parameters that govern the activity of a catalyst in 
PCO air purification. 
4.2.1. Methodology 
The experimental set-up design and operation are explained in details in section 3.1.2. Table ‎4.7 
summarizes the experimental conditions at which PCO tests were conducted and the 95% 
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confidence interval associated with some of these parameters. Moreover, some of the PCO-
relevant properties of selected photocatalysts are provided in Table 4.8. 
Table ‎4.7 PCO tests experimental conditions (mean value ± 95% confidence interval) 
Parameter Value  Unit 
Inlet concentration 101.8 ± 5.4, 1010 ± 29.8 ppb 
Relative humidity 0, 19.9 ± 0.97, 48.7 ± 1.39  % 
Volumetric flow rate  6, 12, 30 L/min 
Residence time 0.02, 0.05, 0.1   s 
Light intensity  12.5, 50 W/m
2 
Temperature 23.3 ± 0.8 °C 


















P25 47 25.8 A (80%), R (20%) 4.8 
PC500 276 5-10 Anatase 2.4 
S5-300A 330 - Anatase - 
UV100 330 9 Anatase 2.5 
4.2.2. Results and discussion  
4.2.2.1. Impact of relative humidity 
Figure ‎4.12 illustrates the variations in toluene and MEK removal efficiencies with relative 
humidity on various TiO2 photocatalysts. It shows that the increase of RH from 0 to 20% 
enhances the pollutant removal efficiency for all titania samples. This clearly indicates that low 
water vapor level promotes photocatalytic degradation of toluene and MEK. The adsorbed water 
molecules are oxidized by photo-generated positive holes and produce hydroxyl radicals, which 
are the main oxidizing agents in gas phase PCO. Consequently, one can deduce that the lack of 
sufficient amount of OH radicals at 0% RH leads to the inferior removal rate of challenge 
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compound with respect to that at 20% RH. On the other hand, water vapor can replenish the 
surface hydroxyl groups (via dissociative chemisorption of water on Ti
4+ 
sites) which serve as 
adsorption sites for toluene and MEK [112, 175]. Upon further increment in RH to 50%, a 
significant drop in the removal efficiency is evidenced, more vividly in the case of toluene PCO. 
The first clear explanation is the adsorption competition between VOC and water molecules over 
adsorption sites on titania, which reduces the amount of VOC adsorbed on the catalyst. This is 
understandable since water, toluene, and MEK are all adsorbing on the same surface OH groups: 
water and MEK via hydrogen bonding, and toluene via weak П-bonding [34, 176]. On the other 
hand, water vapor molecules carried with the air stream can generate a well-organized film on 
TiO2 and can act as a physical barrier and impedes effective contact between pollutant and 
catalyst surface. Accordingly, VOC molecules must disorganize or break the water network (i.e. 
unfavorable change in entropy [36, 177]) to be adsorbed on titania and participate in the 
oxidation reactions [113]. It is noteworthy that the adverse impact of RH on the photocatalytic 
activity is more pronounced for toluene than MEK. This can be attributed to the fact that the 
water film can accommodate polar and water soluble molecules like MEK better than non-polar 
molecules of toluene. As can be seen in Figure ‎4.12, the best photocatalytic activities are 
achieved at 20% RH which also has been reported by other researchers as the optimal humidity 
content during PCO of toluene [34, 178]. Another interesting observation is that as RH increases, 
the role of catalyst surface area becomes more important; thus, in most cases the differences 
between removal efficiencies of P25 and other samples become greater. For instance, the 
difference in removal efficiency of toluene on P25 and S5-300A at dry condition is roughly 8%, 
while at RH=50% it is more than 44%. Understandably, the quantity and type of by-products are 
factors of reaction pathway, which in turn is affected by catalyst properties and experimental 
conditions. In the case of toluene, acetone, acetaldehyde, formaldehyde, benzaldehyde, benzene, 
benzyl alcohol, and benzoic acid were found to be the main by-products of photocatalytic 
degradation [178-180]. Regarding MEK PCO, Raillard et al. [131] reported that the main by-





Figure ‎4.12 Effect of relative humidity on toluene and MEK removal efficiency. VOC inlet 
concentration=1 ppm, residence time=0.05 sec, light intensity=50 W/m
2
. Error bar shows the minimum 
and maximum removal efficiencies for each experiment 
In the present study, as summarized in Table ‎4.9, formaldehyde, acetaldehyde, and acetone are 
the detected gas phase by-products during the PCO of toluene and MEK. It is worth mentioning 
that during the PCO of toluene very small traces of benzaldehyde are also detected in the GC 
chromatograms. For all photocatalysts, a consistent trend is that more by-products are formed 
during degradation of MEK compared to toluene, which is in good agreement with previous 
studies [181, 182]. For MEK, by increasing RH, the quantities of formaldehyde and acetaldehyde 
diminish regardless of the photocatalyst type or the measured removal efficiency. This could be 
due to the presence of more hydroxyl radicals at 20 and 50% RH, which further the oxidation 
reactions toward complete mineralization to CO2 and H2O. Another possible explanation is that 
since these by-products are highly water-soluble, instead of becoming airborne, they can stay in 
the water layer formed on titania surface at high humidity levels. Interestingly, although VOC 
removal efficiency of P25 is lower in the presence of humidity with respect to other titania 
samples, the amount of by-products in the outlet air is higher for P25. This could be explained 
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surface area due to the larger number of accessible active sites, and 2) the higher adsorption 
capacity of PC500, S5-300A, and UV100 decreases the amount of by-products in the outlet flow. 
Regarding the generated by-products during toluene PCO, even though toluene removal 
efficiencies are lower at RH=50% compared to those at 0 and 20% RH, the amounts of by-
products are relatively higher, which could stem from a stronger competition between water and 
organic molecules at 50% RH and the presence of multi-layer water film on titania surface [178]. 
Table ‎4.9 Generated by-products during the PCO of toluene and MEK over various titania samples and 




   
PC500 
   
S5-300A 
   
UV100 
 RH (%) 0 20 50 
 
0 20 50 
 
0 20 50 
 
0 20 50 
Formaldehyde (ppb) 119.1 46.3 32.5 
 
51.5 42.7 28.2 
 
104.6 52.3 20.1 
 
53.0 38.8 26.4 
Acetaldehyde (ppb) 71.0 60.4 55.5 
 
37.4 45.1 31.2 
 
57.0 62.5 48.2 
 
35.0 44.5 33.7 
Acetone (ppb) 8.6 8.5 12.6 
 
7.2 9.0 13.5 
 
9.5 8.0 19.0 
 




   
PC500 
   
S5-300A 
   
UV100 
 
RH (%) 0 20 50 
 
0 20 50 
 
0 20 50 
 
0 20 50 
Formaldehyde (ppb) 8.5 14.8 15.7 
 
6.4 9.7 11.5 
 
7.0 11.2 8.5 
 
6.6 10.4 11.6 
Acetaldehyde (ppb) 2.2 3.5 7.6 
 
1.7 2.3 8.5 
 
1.6 3.3 6.1 
 
1.5 2.3 4.7 
Acetone (ppb) 9.0 3.5 9.5 
 
8.2 4.9 10.4 
 
8.5 3.6 8.1 
 
9.3 3.5 7.7 
 
   
 
          
 
A possible mechanism is proposed in Figure ‎4.13 to explain the variations in the amount of by-
products with relative humidity. In dry condition (Figure ‎4.13a), despite the fact that in the 
majority of experiments the removal efficiency is the highest, the amount of by-products is the 
lowest. At 0% RH, there is no water film on titania and no adsorption competition for the active 
sites of photocatalyst between water and formed by-products (and VOCs); thus, by-products can 
be easily adsorbed on free adsorption sites. Nevertheless, a part of produced by-products 
specifically light ones such as formaldehyde and acetaldehyde leaves the surface and enters the 
gas phase. At 60% RH (Figure ‎4.13c), even on high surface photocatalysts, a multi-layer water 
film can cover titania and gives rise to an extreme adsorption competition among reactants. This 
not only negatively affects the removal efficiency, but also forces a greater portion of by-




Figure ‎4.13 Possible effect of relative humidity level on by-product generation 
4.2.2.2. Impact of airflow rate  
The impact of residence time on the removal efficiency of MEK and toluene over various titania 
photocatalysts is presented in Figure ‎4.14. Taking into account the steady diminution in the 
removal efficiency of both MEK and toluene with decreasing residence time, clearly the 
prevalent factor in our experiments is the shorter residence time at higher airflow rates. By 
prolonging the residence time, the pollutants have longer time for adsorption on the surface and 
participating in oxidation reactions. Another less likely explanation is that apart from the 
heterogeneous reactions on the surface, gas phase reactions between the reactive species (e.g. 
hydroxyl and superoxide anion radicals) and VOC molecules are impaired at higher airflow rates 
because of the shorter contact time [92]. As depicted in Figure ‎4.14, the improvement in removal 
efficiency upon increasing the residence time is more noticeable for toluene with respect to that 
of MEK. For instance, as the residence time increased from 0.02 to 0.1 sec, toluene and MEK 
removal efficiencies respectively improved by 27% and 22% for P25, and 28% and 17% for 
PC500. In order to justify this observation, one should keep in mind that the affinity of titania 
surface toward MEK polar molecules is much stronger than that toward toluene since the former 
results from dipole-dipole interactions (due to carbonyl group in MEK) while the latter comes 




Figure ‎4.14 Effect of residence time on toluene and MEK removal efficiency. VOC inlet 
concentration=1 ppm, relative humidity=20%, light intensity=50 W/m
2
. Error bar shows the minimum 
and maximum removal efficiencies for each experiment 
P25 is a non-microporous material with large mesopores and macropores resulting from particles 
agglomeration; while, UV100 and PC500 have micro and meso porous structures. The meso and 
micropores can extend the presence of VOC molecules and intermediates on the TiO2-coated 
filter and favor the photocatalytic activity. In fact, an interconnected porous structure can retard 
the escape of pollutants and increase the chance of adsorption on the active sites. In the case of 
non-porous P25, pollutants can more easily leave the catalyst surface in comparison to UV100 
and PC500, resulting in a lower removal efficiency. Table ‎4.10 presents the amounts of by-
products generated during the PCO of MEK and toluene at different residence times and on 
various photocatalysts. As noted, there is no correlation between the quantity of by-products and 
the residence time employed in the experiment. This could be due to the fact that two 
interconnected factors affect by-product generation at longer residence time: 1) more 
MEK/toluene molecules are oxidized and, thus, more intermediates and by-products are formed, 
and 2) by-products and intermediates have more time for complete mineralization to CO2 and 
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strongly influenced by the reaction pathways and the properties of photocatalyst, no evident 
trend could be underlined. 
Table ‎4.10 Generated by-products during the PCO of toluene and MEK over various titania samples 




   
PC500 
   
S5-300A 
   
UV100 
 
Residence time (s) 0.02 0.05 0.1 
 
0.02 0.05 0.1 
 
0.02 0.05 0.1 
 
0.02 0.05 0.1 
Formaldehyde (ppb) 51.5 46.3 61.8 
 
27.3 42.7 51.2 
 
90.5 52.3 54.2 
 
48.1 38.8 43.2 
Acetaldehyde (ppb) 74.0 60.4 75.9 
 
45.5 45.1 47.2 
 
82.8 62.5 57.6 
 
96.0 44.5 43.6 
Acetone (ppb) 8.6 8.5 13.4 
 
7.5 9.0 6.3 
 
6.0 8.0 11.3 
 




   
PC500 
   
S5-300A 
   
UV100 
 
Residence time (s) 0.02 0.05 0.1 
 
0.02 0.05 0.1 
 
0.02 0.05 0.1 
 
0.02 0.05 0.1 
Formaldehyde (ppb) 18.4 14.8 17.1 
 
12.4 9.7 16.5 
 
15.4 11.2 17.4 
 
13.6 10.4 12.5 
Acetaldehyde (ppb) 3.3 3.5 5.5 
 
3.8 2.3 4.3 
 
3.8 3.3 5.5 
 
3.6 2.3 3.5 
Acetone (ppb) 5.0 3.5 6.9 
 
5.3 4.9 6.4 
 
5.3 3.6 7.1 
 
4.9 3.5 5.4 
4.2.2.3. Impact of target VOC type and inlet concentration  
Figure ‎4.15 illustrates the removal efficiency of toluene and MEK at two concentration levels on 
various TiO2 samples. As could be expected, in all cases, the removal efficiency of the target 
pollutant at 100 ppb surpasses that at 1 ppm concentration. This stems from the fact that at higher 
VOC concentration the ratio of active sites on photocatalyst plus reactive species to VOC 
molecules drops and, consequently, more VOCs leave the reactor unreacted. On the other hand, 
as represented in Table ‎4.11, larger quantities of by-products are released into the gas phase 
during PCO at 1 ppm compared to 100 ppb for both MEK and toluene. Considering this, it is also 
reasonable to assume that at higher VOC concentration more active sites are occupied by 
intermediates and by-products. Therefore, there is a stronger competition between the original 
VOC and the existing by-products for adsorption on the catalyst (and reaction with the reactive 
radicals), which in turn leads to the inferior removal efficiency at 1 ppm. It is interesting to note 
that the increment in inlet concentration had the most adverse effect on the photocatalytic 
activity of P25 (up to 28% decrement in the removal efficiency), mainly because of its low 
surface area. By comparing the removal efficiencies of toluene and MEK, it can be easily seen 
that except in the case of P25, on all other titania samples at both concentration levels, toluene 




Figure ‎4.15 Effect of VOC inlet concentration and type on toluene and MEK removal efficiency. 
Residence time=0.05 sec, relative humidity=20%, light intensity=50 W/m
2
. Error bar shows the 
minimum and maximum removal efficiencies for each experiment 











, which is roughly 5 times larger than that of MEK [183]. One possible explanation 
for the lower removal efficiency of toluene compared to MEK on P25 is that the low surface area 
of P25 and weak interaction between the catalyst and toluene limit the adsorption process. In 
other words, it seems that in the case of toluene PCO over P25, the overall removal efficiency is 
controlled by the adsorption step instead of the oxidation reactions. Contrarily, for other samples, 
relatively high surface area along with the fast reaction rate of toluene with OH radicals 
outweighs the poor toluene adsorption in comparison to MEK, and ultimately brings about 
higher removal rate for MEK. Considering that the selected VOCs have very different polarities, 
the hydrophilicity/hydrophobicity character of photocatalyst can play an important role in the 
adsorption process and photocatalytic activity. In this regard, the hydroxyl group surface density 
has been suggested as a good measure of the hydrophilicity of titania surface. The values of 
surface OH density for P25, PC500, and UV100 are reported in Table ‎4.8. Although the surface 
OH density of P25 is twice that of UV100 and PC500, once we factor in the catalyst surface area, 
the total number of hydroxyl groups on PC500 and UV100 are 2.93 and 3.65 times higher than 











Toluene MEK Toluene MEK Toluene MEK Toluene MEK



















previous section revealed that the population of surface OH groups on S5-300A is much greater 
than that on P25. Consequently, a possible reason for the superior photocatalytic performance of 
PC500, UV100 and S5-300A in terms of the removal efficiency and the amount of by-products 
could be the higher OH concentration on the surface that can promote the adsorption of VOC and 
its by-products. Another interesting trend which can be noticed for both toluene and MEK is that 
although the removal efficiency at 1 ppm on P25 is much smaller than that on PC500, the 
amount of by-products is higher for P25. This observation highlights the crucial impact of 
surface area on heterogeneous catalysis. Because of the low surface area, P25 cannot host both 
the incoming pollutants and by-products, which leads to not only lower removal efficiency but 
also an increased quantity of by-products in the outlet stream.  
Table ‎4.11 Generated by-products during the PCO of toluene and MEK over various titania samples 








Concentration 1 ppm 100 ppb 
 
1 ppm 100 ppb 
 
1 ppm 100 ppb 
 
1 ppm 100 ppb 




























Concentration 1 ppm 100 ppb 
 
1 ppm 100 ppb 
 
1 ppm 100 ppb 
 
1 ppm 100 ppb 





















4.2.2.4. Impact of light intensity 
The light intensity effect on the VOC removal efficiency and by-products generation is presented 
in Figure 4.16 and Table 4.12, respectively. It is well established that increasing the light 
intensity results in the generation of more electrons and holes which are key reactants in 
photocatalytic reactions and their shortage can greatly reduce the removal efficiency. Figure 4.16 
illustrates that as the light intensity is lowered from 50 to 12.5 W/m
2
, the removal efficiency 
considerably diminishes, however to different extents depending on the photocatalyst. It has been 
suggested that the co-presence of anatase and rutile particles in P25 and band bending in rutile 
particles prevent charge recombination [29, 30]. Additionally, with respect to P25 (80% anatase 
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and 20% rutile), other samples are pure anatase and so have slightly larger band gaps (anatase 
and rutile band-gaps are 3.23 and 3.02 eV, respectively). These bring about generation of smaller 
number of charge carriers and also faster recombination rate of electrons and holes. Moreover, it 
should be emphasized that PC500, UV100, and S5-300A have a lower degree of crystallinity 
compared to P25, which means larger number of defects in the crystalline structure and higher 
amount of amorphous titania in these samples [30, 184]. In this study, these factors lead to more 
efficient utilization of UV light and, therefore, less severe performance drop for P25 with respect 
to other samples. For instance, toluene and MEK removal efficiencies respectively decline by 
18% and 11% over P25, and 27% and 25% over S5-300A when light intensity is reduced from 




Figure 4.16 Effect of light intensity on toluene and MEK removal efficiency. VOC inlet 
concentration=1 ppm, residence time=0.05 sec, relative humidity=20%. Error bar shows the minimum 
and maximum removal efficiencies for each experiment  
The negative influence of poor light utilization for PC500, UV100, and S5-300A is mitigated 
when the light intensity is high (i.e. 50 W/m
2
) since sufficient amount of charge carriers are 
formed for photocatalytic reactions, even after considering the surface and bulk recombination. 
As a result, at 50 W/m
2
, other features of photocatalyst such as surface area and adsorption 
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UV100, and S5-300A compared to P25. Another noted trend is that upon decrement in light 
intensity, toluene photocatalytic degradation is suppressed more severely in comparison to that 
of MEK. Decreasing light intensity from 50 to 12.5 W/m
2
, toluene and MEK removal efficiency 
losses are in the range of 18-27% and 11-25% respectively, depending on the photocatalyst. To 
explain this observation, one should bear in mind that toluene (C7H8) needs more oxygen or 
hydroxyl radicals compared to MEK (C4H8O) for complete mineralization. As discussed before, 
at low light intensity, scarcity of reactive radicals can be anticipated (due to the smaller number 
of charge carries) which naturally results in harsher deterioration in toluene elimination rate. 
Low light intensity also negatively affects the amount of by-products in the outlet air since the 
number of charge carriers and, consequently, reactive radicals are not sufficient to degrade both 
the incoming pollutant and the generated intermediates/by-products. As can be seen in Table 
4.12, even though the removal efficiency at 50 W/m
2
 is much higher than that at 12.5 W/m
2
, the 
amounts of by-products in the downstream are still comparable and in similar ranges.  
Table 4.12 Generated by-products during the PCO of toluene and MEK over various titania samples 


















































































5. Photocatalytic activity of hydrothermally/solvothermally prepared 
titanium dioxide photocatalysts 
5.1. Impact of hydrothermal preparation time, temperature, and pressure  
Given the immense impact of photocatalyst‟s features on performance, finely tailoring the 
crystalline and textural properties of TiO2 for air purification is of great importance to enhance 
its activity, durability, and commercial acceptance. In this context, hydrothermal preparation 
parameters can be exploited to purposefully control the properties of final products. In this 
section, a series of porous TiO2 photocatalysts are prepared, by systematically varying the 
preparation conditions including time, temperature, or pressure (i.e. filling ratio). Previous 
studies showed that hydrothermal time and temperature significantly affect the textural and 
crystalline structure of TiO2. The ultimate goal is to explore preparation-property-performance 
relationships. The presented property-activity relationships can be utilized as potential design 
criteria for the development of new TiO2 photocatalysts for air purification. To date, only a few 
works have been done on the impact of hydrothermal synthesis parameters on titania properties 
and its activity for indoor air purification. Therefore, there is a lack in understanding of how 
catalyst features influence the pollutant removal efficiency and by-products generation. The aim 
of the present study is to systematically investigate the effect of these preparation parameters on 
catalyst features and photocatalytic performance. This objective was addressed in three steps: (1) 
preparation of a number of photocatalysts by varying hydrothermal time, temperature, and 
pressure; (2) comprehensive characterization to obtain information on key properties of titania; 
and (3) photoactivity assessment and highlighting the preparation-property and property-
performance relationships. 
5.1.1. Methodology 
5.1.1.1. Photocatalyst preparation 
All chemicals used in this study were used as received without further purification. Distilled 
water was employed in the preparation of all titania samples. In a typical synthesis procedure, a 
calculated amount of TBOT (Ti(OC4H9)4 from Aldrich) was added dropwise at a rate of 2 
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mL/min to distilled water in the absence of stirring at room temperature. The volume ratio of the 
reaction medium to TBOT in all experiments was fixed at 10. The solution aged for 24 h at 
ambient temperature (21 ˚C) and afterwards the white-yellow precipitates were filtered. The 
filtered solids were washed several times with distilled water until the washing solution reached 
pH of ca. 7, and subsequently dried at 80 ˚C for 12 h. In order to investigate the impact of 
reaction time, temperature, and pressure, hydrothermal reactions were conducted at different 
temperatures (100-220 ˚C), durations (1-48 h), and reactor filling ratios (20-90%). A specific 
amount of amorphous titania sample was placed in a 100 mL stainless steel autoclave with a 
Teflon liner and the liner was filled with distilled water until it reached the desired filling ratio. 
The mass ratio between the amorphous TiO2 and water within the autoclave was kept at 0.025. 
The autoclave was heated at a rate of 3 ˚C/min to the target temperature, maintained at that 
temperature for the desired hydrothermal time, and finally cooled down to room temperature. 
Table ‎5.1 Hydrothermal preparation conditions of different TiO2 photocatalysts 
 
Preparation parameters 
Name* Temperature (˚C) Time (h) Filling percentage (%) 
H-Base  180 12 80 
Ht-1 180 1 80 
Ht-2 180 3 80 
Ht-3 180 6 80 
Ht-4 180 24 80 
Ht-5 180 48 80 
HT-1 100 12 80 
HT-2 140 12 80 
HT-3 200 12 80 
HT-4 220 12 80 
HP-1 180 12 20 
HP-2 180 12 40 
HP-3 180 12 60 
HP-4 180 12 90 
*In naming, t, T, and P respectively stand for time, temperature and pressure of hydrothermal reactions. 
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The resulting precipitate was filtered, washed with distilled water, and finally dried at 80 ˚C for 
12 h as the post-synthesis thermal treatment. The hydrothermal preparation parameters as well as 
the assigned name to each photocatalyst are listed in Table ‎5.1.  
The experimental set-up design and operation are explained in details in section 3.1.2. The 
experimental conditions for PCO tests of this section are given in Table ‎5.2. 
Table ‎5.2. PCO tests experimental conditions 
Parameter Value  Unit 
Inlet concentration 1005 ± 18.4 ppb 
Relative humidity 20.5 ± 0.4  % 
Volumetric flow rate  12 L/min 
Residence time 0.05  s 
Light intensity  5 mW/cm
2 
Temperature 22.6 ± 0.7 °C 




5.1.2. Results and discussion 
5.1.2.1. Photocatalyst characterization 
5.1.2.1.1. Crystal structure 
Figure ‎5.1a illustrates XRD patterns of TiO2 samples treated for various durations at 180 ˚C and 
80% filling ratio. Expectedly, the as-prepared sample (i.e. without undergoing hydrothermal 
treatment) is amorphous since the rate of hydrolysis reaction of titanium precursor in pure water 
at room temperature is low and, thus, the hydrolysis cannot proceed completely. Therefore, the 
TiO2 sample before hydrothermal reactions contains a considerable amount of unhydrolyzed 
alkyls, which hinder crystallization by adsorbing on the surface of titania particles. Contrarily, 
samples underwent hydrothermal treatment show presence of both anatase, as the dominant 
crystal phase, and brookite. After hydrothermal treatment for only 1 h, a significant phase 
transformation from amorphous to crystalline titania is witnessed. The diffraction peaks of Ht-1 
can be indexed to anatase (JCPDS No. 21-1272) and brookite TiO2 (JCPDS No. 29-1360). By 
prolonging the hydrothermal synthesis duration to 3 h, anatase and brookite peaks intensities 
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increase, implying an improvement in crystallization. Additionally, the widths of the diffraction 
peaks at 2θ=25.28 ˚ (anatase (101) plane) and 2θ=30.80 ˚ (brookite (121) plane) decrease as the 
hydrothermal time increases from 1 to 3 h. The sharpening of diffraction peaks stems from the 
increment in anatase and brookite crystal sizes from 6.1 and 7.4 nm for Ht-1 to 6.9 and 7.7 nm 
for Ht-2. As a consistent behavior, extending the hydrothermal synthesis time results in gradual 
crystal size enlargement, higher degree of crystallinity, and lower amorphous TiO2 content (see 
Table ‎5.3). After 6 h of hydrothermal treatment, the TiO2 sample contains 81.5% anatase and 
18.5% brookite phase. Notably, the brookite content (mass fraction) increased with hydrothermal 
time up to 6 h (18.5%) and from that point on experiences a downward trend. The sample 
undertaken 48 h of hydrothermal treatment possesses the highest relative anatase crystallinity 
and largest crystal sizes due to the advancement of crystallization process with time. The impact 
of hydrothermal temperature on the phase structures of titania samples is presented in 
Figure ‎5.1b. With raising the hydrothermal temperature, the XRD peaks intensities significantly 
grow and coherently the widths of diffraction peaks of anatase and brookite become smaller. 
These observations support the fact that higher temperature within autoclave leads to better 
crystallinity (i.e. smaller amorphous content) and crystal growth. This is due to the fact that 
Ostwald ripening process is improved at a higher hydrothermal temperature or a longer 
hydrothermal time. It is known that the primary driving force for simple crystal growth is the 
reduction in surface energy. According to Ostwald ripening phenomenon, growth of large 
particles at the expense of smaller particles (and concurrent morphology evolution) is driven by 
the tendency to minimize the area of high surface energy faces [185]. Even at temperatures as 
low as 100 ˚C, crystalline titania could be synthesized, which is beneficial in terms of energy 
requirement and obtaining large surface areas [186]. In order to compare the crystallinity of 
different samples, the intensity of the (101) diffraction peak of the anatase phase was regarded as 
a measure. The relative crystallinity was calculated by dividing the intensity of the (101) peak of 
each sample to that of H-Base. As shown in Table ‎5.3, the relative anatase crystallinity and 
crystal size steadily increase with hydrothermal temperature. For instance, at 100 ˚C the anatase 
and brookite crystal sizes are 5.9 and 7.3 nm, respectively, while at 220 ˚C these values reach 9.5 
and 10 nm and the relative crystallinity almost doubles. Regarding the impact of hydrothermal 
temperature on phase composition, there are insignificant variations in anatase content among 
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samples prepared at temperature lower than 220 °C. The anatase content reaches its maximum at 
220 °C, 89.7%, which indicates that high temperature favors anatase phase formation.  
 
Figure ‎5.1 XRD patterns of photocatalysts prepared at different (a) hydrothermal durations, (b) 
hydrothermal temperatures, and (c) autoclave filling ratios 





































































Filling ratio is defined as the volume of reaction medium to the volume of autoclave. During the 
hydrothermal synthesis, the pressure inside the system is the sum of the pressure generated by 
saturated water vapor and the pressure resulted from CO2 evolution via decomposition of 
titanium precursor [187]. Accordingly, the filling ratio determines the pressure during TiO2 
crystallization. Despite its potential impact on the properties of yielded titania, this aspect of 
hydrothermal synthesis has rarely been discussed in previous works. Hsiao et al. [187] stated that 
the pressurized environment in the autoclave can improve the crystallization process.  
Table ‎5.3 Crystalline and textural properties of titania photocatalysts prepared at various hydrothermal 
conditions and P25 
Name Amorphous 
content (%) 








A B A B  
  
P25 9.0 81.3  18.7 (R) 25.3 27.4 (R) - 53.23 3.01 
As-prepared 100 - - - - - 346.5 - 
H-Base 14.6 83.4 16.6 7.6 8.3 1 155.5 3.20 
Ht-1 17.4 84.6 15.4 6.1 7.4 0.80 219.1 3.19 
Ht-2 16.0 82.8 17.2 6.9 7.7 0.93 181.0 3.21 
Ht-3 14.6 81.5 18.5 7.3 8.0 0.96 168.4 3.19 
Ht-4 14.7 89.0 11.0 7.9 8.5 1.14 148.3 3.21 
Ht-5 12.6 92.3 7.7 8.8 9.2 1.34 134.9 3.21 
HT-1 20.5 82.3 17.7 5.9 7.3 0.74 237.2 3.20 
HT-2 15.9 83.1 16.9 6.9 7.9 0.90 183.5 3.19 
HT-3 12.3 82.3 17.7 8.4 8.7 1.16 146.7 3.21 
HT-4 11.0 89.7 10.3 9.5 10.0 1.47 139.1 3.22 
HP-1 15.1 83.7 16.3 7.2 8.3 0.95 163.2 3.18 
HP-2 14.5 83.2 16.8 8.4 8.9 1.04 151.4 3.22 
HP-3 14.4 82.8 17.2 7.8 8.4 0.98 162.7 3.19 
HP-4 14.4 81.5 18.5 7.7 8.7 0.97 165.3 3.21 
* Relative anatase crystalinity is calculated by dividing the intensity of the anatase (101) diffraction peak to that of 
H-Base. A: anatase, B: brookite, R: rutile 
Figure ‎5.1c depicts the XRD patterns of TiO2 samples prepared at different autoclave filling 
ratios. As can be noted in Figure ‎5.1c and Table ‎5.3, the impact of autoclave filling ratio on 
crystallinity and crystal size is much less in comparison to that of hydrothermal temperature or 
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hydrothermal time. The relative crystallinity, phase composition and crystal size vary in narrow 
ranges by increasing the autoclave filling ratio and no consistent correlation between filling ratio 
and crystalline structure could be found. For example, the relative crystallinity increases by 
increasing the filling ratio from 20% to 40%, decreases at 60% and then increases when 80% 
filling ratio is applied. Evidently, simultaneous effects of pressure, temperature, and water 
allowed crystallization to occur at relatively lower temperature compared to “sol-gel route + 
calcination” [188]. It is believed that water molecules catalyze the rearrangement of the TiO6 
octahedra in the amorphous titania by adsorption to the titania surface reaction, accelerating 
crystallization [189] and along with high temperature and pressure in autoclave facilitate 
structural changes [190]. Figure ‎5.2 illustrates a graphical presentation of the crystalline structure 
of TiO2 before and after hydrothermal synthesis at maximum time (Ht-5), temperature (HT-4), 
and pressure (HP-4). The crystalline and textural properties of as-prepared titania sample (100% 
amorphous and 346.5 m
2
/g surface area) dramatically change after the hydrothermal treatment. 
As can be seen, a major portion of the amorphous titania (70.7-80.7%) transforms to crystalline 
anatase upon hydrothermal treatment. Compared to high hydrothermal time (48 h) or 
temperature (220 °C), high reactor filling ratio (i.e. pressure) leads to the formation of more 
brookite phase, 14.9%. The activation energy for anatase-to-brookite transformation is small 
(11.9 kJ/mol); while for brookite-to-rutile transformation much higher energy is required (163.8 
kJ/mol) [134]. Therefore, the A→B transition can proceed at such low temperatures (100-220 
°C) and results in the appearance of brookite phase after hydrothermal synthesis. Yu et al. [191] 
reported that the formation of brookite phase can be promoted in acidic environment. 
Considering that in our preparation method the reaction medium was non-acidic, it is reasonable 
to assume that the hydrothermal environment led to the formation of brookite phase.  
5.1.2.1.2. Surface area and porosity 
The influence of hydrothermal preparation factors on surface area and pore structure were 
investigated by nitrogen adsorption-desorption technique. The BET surface area of titania 
samples prepared at different preparation conditions are provided in Table ‎5.3. All yielded titania 
samples possess high surface area, a fact which underlines the advantage of hydrothermal 
preparation route. The BET surface area monotonically decreases with reaction time and 




Figure ‎5.2 Graphical presentation of the impact of hydrothermal treatment on titania structure 
As could also be predicted from the significant crystal growth, the surface area of the as-prepared 
sample decreases by 37% after 1 h of hydrothermal treatment. After this initial sharp drop, 
increasing the reaction time gradually diminishes the surface area until it reaches its minimum 
for Ht-5. Analogous to the influence of reaction time, rising the hydrothermal temperature leads 
to an almost linear reduction in the surface area of titania samples. As an instance, as the 
hydrothermal temperature is raised from 100 to 220 °C the surface area decreases from 237.2 to 
139.1 m
2
/g. Figure ‎5.3 and Figure ‎5.4 present the adsorption-desorption isotherms and the 
corresponding pore size distributions of as-prepared titania, Ht-1, H-Base and HT-4. Before 
hydrothermal treatment, the TiO2 sample has a large surface area, 346.5 m
2
/g, due to its 
amorphous structure. As shown in Figure ‎5.3a, the as-prepared TiO2 exhibits isotherm of types I 
and IV (BDDT classification): at low relative pressures (p0/p < 0.1), the isotherm shows a high 
adsorption due to the presence of micropores (type I) and the narrow and continuous hysteresis 
loop at higher relative pressures indicates the existence of mesopores (type IV). This is also in 
good agreement with the pore size distribution (Figure ‎5.4a) which confirms a huge amount of 
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micropores (pore width < 2 nm) and smaller amount of mesopores (2 < pore width < 50 nm) in 
the as-prepared sample structure. All the other samples show isotherms of type IV with 
hysteresis loops appearing at high relative pressures, indicating the presence of mesopores. The 
shapes of hysteresis loop are of type H2, associated with narrow necks and wider bodies (ink-
bottle pores). By increasing the hydrothermal time from 1 h to 12 h (Ht-1 and H-Base 
respectively), the hysteresis loop shifts slightly to a region with higher relative pressure, 
implying an increment in the average pore size. Regarding the impact of hydrothermal 
temperature, by rising the temperature from 180 to 220 °C (H-Base and HT-4 respectively), the 
hysteresis loop moves rightward and downward to a region with higher relative pressure and 
lower adsorbed volume, showing increment in pore size and decrement in specific surface area. 
All hydrothermally-prepared samples appear to possess a considerable amount of mesopores 
within their porous structures which could explain the high surface areas. The increment in pore 
sizes and the reduction in surface area at more severe hydrothermal conditions (i.e. longer time, 
higher temperature, and higher filling ratio) can be explained as follows. Considering the fact 
that smaller pores bear greater stress than the bigger ones, during hydrothermal synthesis smaller 
pores collapse sooner. Secondly, as evidenced by XRD analyses, at harsher hydrothermal 
conditions, larger crystals are formed due to the crystal growth and, thus, pores result from the 
aggregation of these crystals would be bigger 
 
Figure ‎5.3 Nitrogen adsorption–desorption isotherms of hydrothermally-prepared titania 
























































Figure ‎5.4 Pore-size distribution of hydrothermally-prepared titania photocatalysts; Impact of 
hydrothermal preparation time (a) and temperature (b) 
5.1.2.1.3. SEM and TEM 
The macroporous structure of the yielded titania powder was directly examined by scanning 
electron microscopy. The SEM images of H-Base (treated at 180 °C for 12 h and 80% filling 
ratio) are presented in Figure ‎5.5. In Figure ‎5.5a, it can be clearly seen that the yielded titania 
sample possesses macroporous structure with pore size ranging from 0.5-3 µm. Judging from 
Figure ‎5.5b (side view of H-Base sample), H-Base exhibits a disordered macroporous 
frameworks with continuous walls with thickness of about 4-8 µm extend through the whole 
particle. The type of reaction medium can greatly influence the pore size and shape of 
macroporous structure. It was proposed that when the dominant solvent in the reactor is water 
meso-macroporous structure with macrochannels and mesoporous walls can be expected [192]. 
The well-oriented macroporous channels are arranged parallel to each other and perpendicular to 
the outer surface of the particle. The macroporous channels formed during the hydrothermal 
synthesis not only can facilitate the mass transfer of pollutants molecules to the active sites of 
titania, but also serve as paths for emitted photons to reach the particle‟s interior regions. As it is 
shown in the inset of Figure ‎5.5b, a portion of titania particles fused together in the form of 
dimers or trimmers instead of incorporating in the main structure of macro/micro porous titania. 
This could result from the attachment of titania particles via the condensation reaction, 















































TBOT droplet and water in the first step of preparation procedure, a semipermeable TiO2 layer 
forms on the droplet surface. This layer divides the subsequent hydrolysis and condensation 
reactions. These reactions proceed inwardly, and approximately perpendicular to the external 
surface of the particles, as the distilled water diffuses through the outer membrane. This produces 
microphase-separated regions of TiO2 nanoparticles and water/alcohol channels within the 
TBOT droplets that undergo spontaneous radial patterning caused by the hydrodynamic flow of 
the solvent [193]. We suggest that the mesoporosity is partly due to the intraparticle porosity and 
partly due to interparticle porosity. The SEM results along with the information extracted from 
N2 adsorption-desorption indicate that H-Base has a trimodal pore structure of a micro-meso-
macro porous system. Moreover, the microstructure of the nickel foam filter coated with H-Base 
photocatalyst is presented in Figure ‎5.5c and d. The nickel foam filter shows a 3-D porous 
network with pore sizes ranging from 100 to 800 μm. As seen, titania nanoparticles are mostly 
deposited on the filter framework and in some regions particles filled the oval-shape void spaces. 
 
Figure ‎5.5 (a and b) SEM images of porous TiO2 hydrothermally prepared at 180 °C and 80% filling 
ratio for 12 h (H-Base). (c and d) SEM images of H-Base photocatalyst coated on nickel form filter 
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In order to directly study the microstructure and crystal shape, size, and phase, TEM imaging 
was performed. Figure ‎5.6 illustrates TEM and HRTEM images of the sample hydrothermally 
treated at 180 °C and 80% filling ratio for 12 h. As can be seen in Figure ‎5.6b, the anatase and 
brookite crystal sizes are approximately 7.33 and 8.81 nm, respectively. The particle size 
distribution of the H-Base sample measured from TEM analysis is depicted in Figure ‎5.6d. Most 
crystals are between 6 and 10 nm in diameter and the mean size of the counted particles is 
roughly 7.5 nm. These values are consistent with the crystal sizes calculated by Scherrer 
equation based on the XRD results for H-Base (7.6 nm for anatase and 8.3 nm for brookite). 
Absence of long-range ordered mesostructure in TEM images led us to believe that a part of 
mesoporosity was caused by the aggregation of the primary titania particles (i.e. interparticle 
porosity), as shown in Figure ‎5.6b. In Figure ‎5.6c the lattice fringes of the titania can be easily 
recognized which confirms high crystallinity of the sample. The lattice plane of anatase (101) 
with interlayer spacing of ca. 0.35 nm [194] can be observed in the HRTEM images.  
 
Figure ‎5.6 TEM (a) and HRTEM (b and c) images of H-Base. (d) Particle size distribution histogram 
of H-Base sample measured from the TEM imaging in a (the graph is based on the measurement of 
the size of 100 nanoparticles) 
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5.1.2.1.4. Hydroxyl radical analysis 
Photocatalyst ability to produce hydroxyl radicals has an enormous influence on the efficacy of 
PCO system in removal and mineralization of air contaminants. The yield of 
•
OH radicals 




recombination. Thus, the measurement of the formation rate of hydroxyl radicals can provide 
useful information to better understand the connections between catalyst features and its 
photocatalytic activity. Hydroxyl radical has a very short lifetime (~10
-9
 s) and high reactivity, 
which make it difficult to be directly measured. Consequently, a variety of indirect techniques 
including electron spin resonance (ESR), UV/vis absorption spectroscopy, luminescence and 
fluorescence have been employed [195].  
In this study, the fluorescence spectrometry was applied to determine the formation rate of 
hydroxyl radicals on different hydrothermally-prepared samples. Figure ‎5.7a illustrates the PL 
spectra of TiO2 samples synthesized under different hydrothermal durations at 180 °C and 80% 
filling ratio. No PL was seen for the base solution (mixture of TA and NaOH) or the TiO2 
solution in the absence of illumination which indicates that the source of PL is 2-HTA [136]. The 
as-prepared amorphous titania (i.e. only underwent a drying step) shows a minimal PL intensity 




 recombination and 
smaller number of available holes for 
•
OH production. A steady increment in PL intensity is 
witnessed with prolonging the hydrothermal reaction time from 1 to 48 h which can mainly be 
ascribed to the enhancement in crystallinity. Regarding the impact of hydrothermal temperature, 
in the range of 100 to 200 °C, PL intensity exhibits an upward trend and reaches its optimum 
value at 200 °C. The PL intensity of HT-4 was much lower than that of HT-3 despite its superior 
crystallinity (see Table ‎5.3), which could probably stem from the reduction in surface area and 
surface hydroxyl groups population at a higher hydrothermal reaction temperature. In the case of 
autoclave filling ratio, the PL intensity does not correspond with the pressure inside the reactor, 
but it agrees to some extent with samples crystallinity. The relationship between the surface area 
normalized PL intensity (calculated based on data in Figure ‎5.7 and Table ‎5.3) and relative 
anatase crystallinity is depicted in Figure ‎5.8. Even though there are some biases in the linear 
correlation, a good proportionality between the two parameters can be noticed in Figure ‎5.8. The 
normalized PL intensity almost linearly grows with improvement in anatase relative crystallinity. 





OH and TA, once the contribution of surface area is removed, the quality of 
crystallinity mainly controls the formation rate of 
•
OH. It is important to point out that given the 
high pH of solution and low concentration of TA, the direct oxidation of TA by photogenerated 
holes is unlikely and can be ruled out [196]. 
 
Figure ‎5.7 Variations in Photoluminescence spectra of titania photocatalysts with (a) hydrothermal 
duration, (b) hydrothermal temperature, and (c) autoclave filling ratio 



















































































Figure ‎5.8 Dependence of surface area normalized fluorescence intensity (a.u./(m
2
/g)) on the relative 
anatase crystallinity of various titania photocatalysts  
5.1.2.1.5. UV-vis  
The UV-vis absorbance spectra of titania samples with different hydrothermal synthesis 
conditions are illustrated in Figure ‎5.9. As can be seen in this figure, TiO2 only effectively 
absorb the UV light with wavelength shorter than 410-420 nm, which is consistent with previous 
studies [197]. The significant absorption around 350-400 nm can be ascribed to the excitation of 
electrons from the valence band to the conduction band (O2p → Ti3d). It is evident that all the 
titania samples have very similar absorption profiles (and absorption edges) in the range of 250-
800 nm, indicating that their band gaps should fall within a narrow range. The band gap energies 
are determined by plotting (αhν)2 versus energy of light (hν) (Tauc plot) where α is the 
absorption coefficient, h is the plank constant and v is the frequency. The extrapolation of the 
straight line from the Tauc region intercepts the x axis (hν) to give the direct band gap of the 
TiO2 powder. The band gap energies of pure anatase and brookite phases are 3.23 and 3.14 eV, 
respectively. As reported in Table ‎5.3, the band gap energies of the mixed-phase TiO2 samples, 



























































estimated from the Tauc plot, are very close and between 3.14 and 3.23 eV depending on the 
phase composition.  
 
Figure ‎5.9 Variations in UV-vis absorbance spectra of titania photocatalysts with (a) hydrothermal 
duration, (b) hydrothermal temperature, and (c) autoclave filling ratio 
5.1.2.1.6. FTIR 
Figure ‎5.10 shows the FTIR characterization of the titania samples in the OH spectral region, 
3800-2600 cm
-1
. Considering that the FTIR spectra of some of the samples are almost similar, 
for the sake of brevity, in Figure ‎5.10 only some of the spectra are represented. As can be noted, 
the surfaces of all titania powders are abundant with OH groups, judging from the appearance of 



















































a broad and strong IR absorption in the 3600-2800 cm
-1
 range. Regarding the as-prepared sample 
and HT-1, several bands are observed in the 2975-2850 cm
-1
 range, which could be assigned to 
the C-H stretching vibration. This indicates that even after 12 h of hydrothermal treatment at 100 
˚C, still there are some unhydrolyzed butoxy groups (or other residual organic moieties 
originating from the starting alkoxides) in titania structure. By comparing the broad band in the 
3600-2800 cm
-1 
region in samples underwent hydrothermal reactions, it can be seen that the IR 
absorption gradually diminishes as the reaction time or autoclave temperature is increased. This 
is partly due to the fact that as the hydrothermal reactions proceed, many surface hydroxyl 
groups are consumed in condensation reactions to form Ti-O-Ti networks. Except the as-
prepared sample, in all FTIR spectra of samples prepared at different temperatures and durations, 
three sharp peaks at 3693, 3670, and ~3630 cm
-1
 are detected.  
 
Figure ‎5.10 FTIR spectra of the TiO2 samples in the hydroxyl group region: (a) impact of 
hydrothermal time and (b) impact of hydrothermal temperature 
Generally, bands at frequencies greater than 3600 cm
-1
 are ascribed to the stretching mode of –
OH species free from hydrogen bonding interactions [27, 144]. Some studies suggested that the 
bands at frequencies higher than 3680 cm
-1












































and bands at lower frequencies can be sign of bridged −OH (Ti−OH−Ti) [147]. More 
specifically, the band at 3693 cm
-1 
is suggested to be a signature of isolated hydroxyl groups on 
titania [29]. It is interesting to note that the band at 3693 cm
-1
 has its highest intensity in the case 
of H-Base and HT-3. In all spectra a sharp band located at 3670 cm
-1
 can be noticed which is due 
to the presence of bridging −OH group [27]. Only on HT-3, a small and sharp peak appears at 
3650 cm
-1
 which could be attributed to a type of isolated hydroxyl group [147]. In section 4.1, 
we showed that the isolated hydroxyl groups, located at 3722-3693 cm
-1
, have strong interaction 
with toluene and MEK molecules. 
5.1.2.2. Photocatalytic activity 
The photocatalytic activity of yielded photocatalysts was assessed through photocatalytic 
oxidation of toluene and MEK in air at room temperature. For comparison, the activity of P25, 
which is widely recognized as a highly efficient photocatalyst under UV light, is also evaluated. 
As could be easily inferred from the characterization data, hydrothermal time should have a great 
influence on the removal efficiency (and reaction rate) of toluene and MEK. Considering 
Figure ‎5.11, the as-prepared titania sample exhibits minor toluene and MEK removal efficiencies 
in comparison to samples underwent hydrothermal treatment mainly due to its amorphous 




 recombination. The sample prepared at 180 ˚C for 1 h (Ht-1) 
shows high toluene and MEK removal efficiencies, 41% and 34%, respectively, which are higher 
than (for toluene) and equal to (for MEK) those of P25. The good photoactivity of Ht-1 could be 
mainly attributed to the formation of anatase crystals, large surface area, and mesoporous 
structure. After this point, VOC removal efficiency variation with hydrothermal time displays 
different trends depending on the challenge compound. In the case of toluene which has much 
weaker interaction with titania surface with respect to MEK, the significant surface area (and 
porosity) decrement from Ht-1 to Ht-2 overpowers the marginal enhancement in crystallinity and 
causes ~20% drop in the removal efficiency. This clearly indicates that the adsorption process 
affects the photocatalytic oxidation of toluene to a greater extent than that of MEK. By 
prolonging the reaction time from 3 to 12 h (i.e. Ht-2 to H-Base), toluene removal efficiency and 
reaction rate progressively increase and reach their optimum values, 48.7 % and 11.95×10
-5
 
mol/(min.g), showing improvement over P25 with 34% removal efficiency and 8.35×10
-5
 
mol/(min.g) reaction rate. Further increment in the reaction time (from 12 to 48 h) results in a 
sharp decline in toluene removal efficiency, most probably due to the reduction in surface area, 
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porosity, and surface OH density. On the other hand, MEK removal efficiency monotonically 
enhances with hydrothermal time, reaches its maximum value on Ht-4, and experiences a minor 
drop for the sample that underwent 48 h hydrothermal treatment. Besides the improvement in 
crystallinity which surely contributes to the upward trend of MEK removal efficiency with 
hydrothermal time, one should bear in mind that anatase is the most active polymorph of titania 
in gaseous PCO and in our experiments anatase phase content increases with the hydrothermal 
time. Notably, MEK removal efficiency and reaction rate on Ht-4 is almost two times higher 
than that on P25. This superiority can be attributed to Ht-4 large surface area (thrice P25), good 
crystallinity, proper crystal size, and high mesoporosity.      
 
Figure ‎5.11 Toluene and MEK removal efficiency and reaction rate for the as-prepared titania, 







































































As noted in Figure ‎5.12, the trends of MEK and toluene removal efficiency (and reaction rate) 
with hydrothermal temperature are fairly similar. With employing a higher hydrothermal 
temperature, the obtained photocatalyst performs better mainly owed to the substantial 
enhancement in crystallinity and crystal growth. The observed trends indicate that the greater 
crystallinity at higher hydrothermal temperatures counteracted the reduction in the surface area 
and the net effect was positive. Many researchers proposed that the co-presence of two TiO2 




 pairs lifetime and, therefore, boost the quantum efficiency. 
Based on the obtained results, it appears that the biphasic titania photocatalyst with 82.3% 
anatase and 17.7% brookite (HT-3) offers the optimum photocatalytic activity towards the 
selected VOCs under the employed experimental conditions. It is noteworthy that higher 
hydrothermal temperature can also bring about a better contact between the two crystalline 
phases which is crucial for a successful charge carrier transfer from one phase to another. 
Another possible explanation for achieving the highest photocatalytic activity over HT-3 could 
be its crystal size, considering that the charge carrier recombination can take place both in the 
bulk and on the surface of TiO2. It is known that with crystal growth the bulk recombination 
becomes more significant; consequently, one can envisage a crystal size at which the best trade-
off between surface and bulk recombinations exists. The fluorescence spectrometry data can be 
useful to better justify this point since photocatalyst capability to produce 
•
OH is closely 
connected to the population of available holes, which in turn is a measure of the effectiveness of 
charge carrier separation. As can be seen in Figure ‎5.7b, HT-3 possesses the largest PL intensity 
amongst samples treated at different hydrothermal temperatures, which might be partly ascribed 




 separation and subsequently the removal of 
challenge compounds. Additionally, although the removal efficiency does not always match the 
population of hydroxyl groups on titania surface in our study, as showed in Figure ‎5.10b, the IR 
absorbance for HT-3 in the OH spectral region is stronger than that for HT-4. As mentioned 
before, surface OH groups are extremely important adsorption centers for VOC molecules. MEK 
can be adsorbed on the surface via H-bonding between its carbonyl group and surface OH 
groups, and toluene adsorption mainly occurs through weak П-bonding to surface hydroxyls 
[176]. Therefore, the lower concentration of OH groups along with the smaller surface area and 




Figure ‎5.12 Toluene and MEK removal efficiency and reaction rate for hydrothermally-prepared TiO2 
samples synthesized at different hydrothermal temperatures (100-220 °C) 
Figure ‎5.13 illustrates toluene and MEK removal efficiencies (and reaction rate) for titania 
powders synthesized at 180 °C for 12h with different reactor filling ratios. Evidently, the 
removal efficiencies cannot be correlated with the applied filling ratio which is reasonable taking 
into account that the variations in photocatalysts characteristics with this preparation parameter 
were unpredictable as well. Nonetheless, it is worth highlighting that the impact of autoclave 
filling ratio on toluene and MEK photocatalytic oxidation is much less with respect to that of the 
other preparation parameters, namely hydrothermal temperature and time. Considering 
Figure ‎5.13, H-Base (180 °C, 12h, and 80%) indicates the highest removal efficiency for both 
toluene and MEK, which is in good agreement with the results reported in Figure ‎5.7c on the PL 
intensity of these samples. On the other hand, although HP-3 has comparable surface area and 
crystallinity to those of other HP samples, it has the lowest toluene removal efficiency (31.4%) 
and the third lowest MEK removal efficiency (29%), which could result from its poor ability to 
produce hydroxyl radicals as can be evidenced in Figure ‎5.7c.  
Table ‎5.4 summarizes the amounts of detected by-products in the gas phase during the PCO of 
toluene and MEK on various titania samples. By comparing the data in Table ‎5.4 and Figure ‎5.11 
to Figure ‎5.13, it can be noted that though many of the samples outperformed P25 in 
MEK/toluene degradation, the amounts of by-products in the outlet stream are considerably 




















































































Figure ‎5.13 Toluene and MEK removal efficiency and reaction rate for hydrothermally-prepared TiO2 
samples synthesized at different autoclave filling ratios (20-90%) 
This observation can be described from two perspectives: (i) the complete conversion of 
challenge compounds to CO2 and H2O is greater on the hydrothermally prepared samples or (ii) 
generated by-products during PCO reactions are more efficiently adsorbed on the prepared 
samples compared to P25. Both views can be explained by considering the larger surface area of 
hydrothermally prepared samples, which provide a larger number of accessible active sites for 
chemical reactions (i.e. more complete mineralization) and more adsorption sites for by-products 
(i.e. less adsorption competition). Additionally, the porous structure of fabricated titania 
photocatalysts can retard the desorption of by-products (or intermediates) from the surface to the 
gas phase and, thus, boost the possibility of participation in further oxidation reactions. In some 
of the PCO experiments, propionaldehyde is found in the outlet air, while in other cases 
formaldehyde, acetaldehyde and acetone are the only by-products. One reason might be the low 
concentration of propionaldehyde which was lower than the detection limit of the HPLC. 
Regardless of the photocatalyst and the achieved efficiency, as a consistent trend, more by-
products are generated during MEK degradation compared to that of toluene which agrees with 
previous works on toluene and MEK photocatalytic oxidation studies [181]. This might be 
attributed to the severe adsorption competition between MEK and generated by-products during 
its oxidation and/or the strong adsorption of toluene by-products (e.g. benzoic acid and 











































































Table ‎5.4 Generated by-products in the gas phase during photocatalytic degradation of toluene and 







Formaldehyde Acetaldehyde Acetone 
 
Formaldehyde Acetaldehyde Acetone Propionaldehyde 
P25  14.7 3.4 3.4  46.3 60.4 8.5 - 
As-prepared  20.8 6.0 5.9 
 
17.5 9.4 - 6.0 
H-Base  13.0 4.6 -  43.9 45.6 - - 
Ht-1  13.2 4.6 6.5 
 
33.3 31.7 - - 
Ht-2  11.3 3.9 5.7 
 
35.8 34.4 - 6.1 
Ht-3  13.7 5.3 6.4 
 
36.6 34.4 6.7 4.6 
Ht-4  12.5 4.4 5.1 
 
38.2 37.2 - - 
Ht-5  12.6 5.0 6.2 
 
40.0 36.5 10.8 5.3 
HT-1   8.4 3.3 -   32.7 30.6 7.6 - 
HT-2  10.7 4.5 6.1 
 
38.2 35.6 7.8 - 
HT-3  17.5 7.3 6.6 
 
35.8 34.4 7.4 - 
HT-4  16.2 5.8 5.8 
 
34.6 33.0 7.1 - 
HP-1   10.4 4.5 7.0   42.5 35.8 6.2 - 
HP-2  10.8 4.5 10.5 
 
40.0 33.0 - - 
HP-3  9.5 3.1 5.6 
 
43.1 40.6 - - 
HP-4   9.9 5.3 8.4   37.4 36.7 - - 
 
In this study, crystallinity, crystal size, phase composition, surface area, porosity, surface OH 
density, and 
•
OH generation ability are the main factors. On the one hand, these parameters are 
interconnected and can negatively/positively (and to different magnitudes) affect photocatalytic 
processes. On the other hand, similar to many examples in the field of catalysis, there are 
thresholds for photocatalyst properties, at which sharp changes in the activity are seen due to a 
small variation in a property. For instance, in terms of relative crystallinity, surface area, band 
gap, 
•
OH generation and crystal size, there are very small differences between Ht-3 and HP-1. 
These samples mainly differ from each other in the anatase content, 81.5 vs 83.7%. Evidently, 
this slight difference in phase composition could lead to 12% difference in MEK removal 
efficiency. The above-mentioned issues along with the non-linear correlation between each 
photocatalyst feature and its activity could account for the absence of any mechanistic property-
performance relationships. Nevertheless, as can be noted in Figure  5.14 in the majority of cases, 
there is an acceptable level of proportionality between MEK/toluene removal efficiency and PL 
intensity. Especially for MEK photocatalytic degradation, removal efficiencies over Ht-series 
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and HT-series photocatalysts correspond very well with their PL intensities (coefficient of 
determination (R
2
)=0.82). The positive correlations in Figure  5.14 point out that generally 
higher PL intensity (or 
•
OH generation efficiency) brings about better VOC removal efficiencies.  
 
 
























































5.2. Impact of hydrothermal medium pH and type of acid/base 
Altering the pH of hydrothermal reaction medium (e.g. via addition of acid/base) is a facile and 
efficient method to adjust the degree of crystallinity and crystal phase of TiO2. Proper selection 
of the acidity of reaction medium and type of additive can enable synthesis of bi/tri phasic 
titanium dioxides which are believed to be superior to single phase materials. Furthermore, the 
desired pore structure can be achieved in one pot synthesis by controlling the hydrolysis and 
polycondensation rates of the pre-selected titanium sources on the basis of the chemistry of metal 
alkoxides. In this section we indicated that a good control over the key features of catalysts could 
be achieved by varying the pH of the starting aqueous solution (pH=2-12) and the type of acid 
(chloric, formic, acetic, nitric, and sulfuric) during preparation. To gain more insight into the 
impact of main operating conditions on PCO processes, experiments were conducted at wide 
ranges of inlet concentration, relative humidity, and residence time. Considering the formation of 
carcinogenic compounds during MEK oxidation, the health-risk associated with gaseous by-
products was also assessed. To our best knowledge, there are only a few studies on 
photocatalytic oxidation of methyl ethyl ketone in air; therefore, the performance, by-products, 
reaction mechanism, and health aspects of MEK degradation over titania are not fully 
investigated. The obtained photocatalytic activities were justified by underlining the role of key 
characteristics of photocatalysts in each step of heterogeneous photocatalysis. Furthermore, the 
influence of operating conditions on MEK removal efficiency, by-products generation, and 
health-risk index were explained. A tentative reaction pathway for MEK photodegradation was 
proposed, comprising H-abstraction, ß C-C scissions, surface reactions, radicals recombinations, 
and mineralization. 
5.2.1. Methodology 
5.2.1.1. Photocatalyst preparation 
In a typical synthesis procedure, a specific volume of TBOT was added slowly (~ 2 mL/min) to 
an aqueous solution (containing acid/base with the desired molarity and pH, Table ‎5.5) in a 250 
ml beaker without stirring. The volume ratio of the aqueous solution to TBOT in all experiments 
was kept at 10.4. After aging for 24 h at ambient temperature (21 ˚C), the mixture and the 
formed precipitates were carefully transferred to a 100 mL Teflon-lined stainless steel autoclave. 
The autoclave filling was approximately 80% in the preparation of all samples. Subsequently, the 
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autoclave was heated at a rate of 3 ˚C/min to 180 ˚C in an air oven, maintained at 180 ˚C for 12 
h, and then cooled down to room temperature at rate of -3 ˚C/min. After hydrothermal reaction, 
the solution was filtered and the precipitates were washed several times with distilled water until 
the washing solution reached pH of ca. 6. The resulting white-yellow solids were dried at 100 ˚C 
for 12 h to remove water and obtain the final titania samples for characterization and 
performance evaluation. The properties of aqueous solution during hydrothermal preparation and 
the assigned name to each photocatalyst are given in Table ‎5.5. The experimental set-up design 
and operation are explained in details in section 3.1.2. The experimental conditions at which 
PCO tests were performed in this section are given in Table 5.6.  
Table ‎5.5 Hydrothermal reaction medium of TiO2 photocatalysts 
Name Reaction medium Solution pH Acid/base concentration (mol/L) 
H-SA2 Sulfuric acid (H2SO4) 2 0.01 
H-SA4   4 0.0001 
H-NA2 Nitric acid (HNO3) 2 0.01 
H-NA4   4 0.0001 
H-HCA2 Hydrochloric acid (HCl) 2 0.01 
H-HCA4   4 0.0001 
H-FA2 Formic acid (HCOOH) 2 0.5 
H-FA4   4 0.00015 




H-Base Pure water 6 - 
H-A10 Ammonium hydroxide 10 0.0007 
H-A12  12 6 
 
Table ‎5.6 PCO tests experimental conditions  
Parameter Value  Unit 
Inlet concentration 101.8 ± 5.4, 504.7 ± 11.6, 1002  ± 29.8 ppb 
Relative humidity 0, 18.8 ± 1.1, 50.2 ± 3.4  % 
Volumetric flow rate  20, 30, 50 L/min 
Residence time 0.012, 0.02, 0.03  s 
Light intensity  5 mW/cm
2 





5.2.2. Results and discussion 
5.2.2.1. Photocatalyst characterization 
5.2.2.1.1. Crystal structure 
Figure ‎5.15a depicts the XRD patterns of TiO2 prepared in neutral (pH~6) and alkaline solutions 
(pH=10 and 12). The diffraction peaks at 25.3° and 30.8° respectively correspond to the anatase 
(101) plane and brookite (121) plane. By increasing the pH of hydrothermal solution (i.e. 
increasing ammonia concentration), the brookite phase content steadily diminishes and 
ultimately at pH=12 the brookite phase completely disappears. At higher pH values stronger and 
narrower diffractions peaks for anatase are obtained, implying the enhancement in crystallinity 
and substantial crystal growth. The average anatase crystal size (Table ‎5.7) for H-Base, H-A10, 
and H-A12 are 7.6, 10.7, and 18.8 nm, respectively, which is in good agreement with the peak 
sharpening seen in Figure ‎5.15a. The improvement in crystallinity mainly stems from the fact 
that in a more basic reaction solution a larger population of hydroxyl groups are available for 
hydrolysis of titanium butoxide precursor. Figure ‎5.15b and Figure ‎5.15c present the influence of 
acid type (sulfuric, nitric, acetic, formic, or hydrochloric) with pH=2 and pH=4, respectively, on 
phase structure. For all TiO2 samples sharp peaks are seen at 25.3°, indicating formation of 
anatase crystals even at very low pH under hydrothermal conditions. Compared to other acids, 
HNO3 more effectively catalyzes brookite phase formation (18.9% for H-NA2), which was also 
witnessed in titania preparation via sol–gel  and hydrothermal methods [82]. The ability of acids 
to promote anatase formation followed the sequence of formic > sulfuric > acetic > nitric ~ 
chloric. By comparing the values for relative crystallinity (Table ‎5.7), it is evident that basic 
hydrothermal solution leads to a significantly better crystallinity with respect to acidic or neutral 
solutions. In acidic solutions, due to the OH groups deficit, titanium precursor cannot be 
completely hydrolyzed and, therefore, a great quantity of unhydrolyzed alkyl groups exist in the 
reaction medium. These unhydrolyzed alkyl groups impede the coagulation and flocculation of 
titania particles (via electrostatic repulsion) and consequently the crystallization process [198]. 
Sulfuric acid and formic acid respectively result in the lowest (1.00-1.06) and highest (1.20-1.46) 
crystallinities among the investigated acids. It is possible that Cl‾, NO3‾, or SO4
2‾ ions (or their 





Figure ‎5.15 XRD patterns of anatase and brookite TiO2 (JCPDS database) and photocatalysts prepared 
under neutral/basic (a) and acidic environments (b and c) 







(a) Alkaline hydrothermal medium 








Acidic hydrothermal medium,  
pH=2 
























Anatase Brookite Anatase Brookite   
 
 
P25 4.17 81.3 18.7 (rutile) 25.3 27.4 (rutile) 53.23 - - 
H-Base 1.32 83.4 16.6 7.6 8.3 155.5 2177.5 279 
H-SA2 1.00 88.7 11.3 6.7 7.5 216.1 893.7 323 
H-SA4 1.06 86.1 13.9 8.3 7.9 179.8 3007.3 313 
H-NA2 1.02 81.1 18.9 7.9 7.6 188.0 2162.0 310 
H-NA4 1.20 83.7 16.3 8.1 8.0 173.0 2735.8 285 
H-HCA2 1.05 85.2 14.8 7.5 7.6 180.5 2253.6 320 
H-HCA4 1.19 82.7 17.3 8.2 7.9 161.0 2020.2 303 
H-FA2 1.20 86.3 13.7 8.2 8.5 163.2 2100.0 297 
H-FA4 1.46 100.0 0 9.2 - 151.2 2350.6 283 
H-AA2 1.10 82.2 17.8 7.7 8.0 175.4 2385.4 306 
H-AA4 1.17 84.3 15.7 8.2 8.0 171.9 2181.3 295 
H-A10 1.90 97.8 2.2 10.7 - 121.0 2050.0 270 
H-A12 2.65 100.0 0 17.5 - 82.9 3208.7 277 
a 
Relative crystallinity is defined as the ratio between the intensity of (101) peak of each sample to that of H-SA2.
b 
PL intensity is the magnitude of fluorescence spectrum (presented in Figure ‎5.20) at ca. 425 nm. c Fluorescence 
intensity is the magnitude of fluorescence spectrum (presented in Figure ‎5.19) at ca. 390 nm. 
It is particularly noteworthy that none of the hydrothermal solutions provided the right 
conditions for rutile formation which could be explained from different standpoints. According 
to the Ostwald step rule, the titania phase with the lowest surface energy first nucleates in the 
reaction medium. Since surface energy is inversely correlated to molar volume and anatase has a 
much higher molar volume with respect to rutile [199], anatase formation is preferred. The other 
justification is mainly related to the arrangements of octahedra in different phases of titania. In 
anatase, the TiO6 octahedra are surrounded by eight octahedra: four edge-shared and four corner-
shared, while in rutile, each octahedron is surrounded by ten octahedra: eight corner-shared and 
two edge-shared [15, 200]. The edge-shared bonding between two octahedra requires two 
juxtaposed hydrolysis and condensation reactions while only one reaction is needed for corner-
shared bonding. Considering this, at mildly acidic, neutral and basic conditions, due to the 
sufficient concentration of hydroxide ions, the probability of edge-shared bonding is larger; 
hence, anatase is the major phase observed in our experiments. Additionally, the formation of 
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anatase at pH=2 might be better explained by considering the status of TiO6 octahedra in the 
reaction medium. Under acidic environment, protonation of surface Ti˗OH groups [201] results 
in good dispersion of TiO6 octahedra in the amorphous phase. These protonated surfaces (i.e. 
Ti˗OH2
+) can combine with hydroxyl groups of other octahedra to form Ti˗O˗Ti bonds by 
dehydration (i.e. oxolation). It is suggested that this mechanism promotes face-sharing 
polycondensation and thus anatase formation [202, 203]. It should be also mentioned that SO4
2ˉ 
and CH3COOˉ ions have strong affinity toward titanium atom in aqueous solution which hinders 
the structural rearrangement and phase transformation [199, 204]. This gives anatase formation a 
kinetic advantage over rutile in terms of lower activation energy for crystallization. Regarding 
the formation of brookite in the acidic and neutral solutions, it is to be noted that the activation 
energy for anatase → brookite transformation is smaller (11.9 kJ/mol) than that of brookite → 
rutile (163.8 kJ/mol) [134], consequently under low hydrothermal temperature of 180 °C, the 
former process prevails. On the other hand, Yu et al. [191] put forward an explanation for the 
formation of brookite phase in the acidic environment containing chloride ions. Considering the 
fact that the ligand field strength of chloride ion is greater than that of the butoxy group, Cl can 
replace the butoxy group (i.e. OC2H9) in Ti(OH)x(OC2H9)x complex formed during hydrolysis. In 
the aqueous solution, Ti(OH)2(Cl)2 exists in the form of Ti(OH)2Cl2(H2O)2, which is believed to 
be the precursor of brookite [205].  
5.2.2.1.2. Surface area and porosity 
Nitrogen sorption analysis can be used to gain insights into the catalyst pore texture and specific 
surface area. Figure ‎5.16a and Figure ‎5.16b exhibit the N2 adsorption-desorption isotherms and 
the pore size distributions of H-Base, H-A12, and H-SA2, respectively. As can be seen in 
Figure ‎5.16a, H-Base and H-SA2 both indicate isotherms of type IV (BDDT classification) with 
the hysteresis loops around 0.50 < p0/p < 0.85. The type IV isotherms suggest that the porosity in 
these samples is mainly due to the existence of mesopores. The hysteresis loops of H-Base and 
H-SA2 have a triangular shape with steep desorption branch which can be categorized as type 
H2 hysteresis loop, associated with narrow necks and wider bodies (ink-bottle pores). 
Additionally, the isotherm of H-SA2 also shows a very small H3 type hysteresis loop at 0.9 < 
p0/p < 1.0, suggesting a bimodal pore size distribution in the mesoporous region. The isotherm of 
H-A12 is of type II unlike the other samples and the hysteresis loop appears at higher relative 
pressure, 0.70 < p0/p < 1.0, indicating formation of larger mesopores. The steep increment in the 
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adsorption branch (seen in H-A12) is attributed to the capillary condensation of N2 within titania 
mesopores (2-50 nm). Moreover, the shape of H-A12 hysteresis loop is of type H3, which could 
be observed in slit-like pores result from aggregation of plate-like particles. With increasing the 
pH of the reaction medium, the hysteresis loop shifts rightward and downward to the region with 
smaller adsorbed N2 volume and higher relative pressure. This implies that in a more basic 
environment photocatalyst with larger pores and smaller specific surface area can be obtained. 
The increment in catalyst pore size with pH could also be noticed in the pore size distributions 
presented in Figure ‎5.16b. The photocatalyst prepared at pH=2 shows a relatively narrow pore 
size distribution mainly between 3.4 and 14 nm, centered at 7.3 nm. For higher pH values, the 
pore size distributions become wider and center at larger pore sizes: 10.5 nm for H-Base and 
15.1 nm for H-A12. This can be mainly attributed to the enlargement of anatase crystals in more 
alkaline conditions which upon aggregation form larger mesopores. The BET surface areas of 
TiO2 photocatalysts prepared at different hydrothermal media are listed in Table ‎5.7. It can be 
noticed that the hydrothermally-synthesized samples have much larger surface areas (82.9-216.1 
m
2
/g) compared to commercial P25 (53.23 m
2
/g). On the other hand, in general, the surface area 
substantially diminishes as the pH value of hydrothermal solution increases. For instance, the 
surface areas of titania samples prepared in pure water (H-Base) and concentrated ammonia (H-
A12) are respectively 28% and 61% smaller than H-SA2. At each acidic pH level (i.e. 2 or 4), 
comparable specific surface areas are seen for different acids. 
 















































5.2.2.1.3. Morphological structure 
The porous structure of TiO2 photocatalysts in the micrometer range was studied by scanning 
electron microscopy. Figure ‎5.17 demonstrates the SEM images of H-SA2, H-Base, and H-A12 
at two different magnifications, in which the macroporous structure of catalysts can be easily 
seen. Basically, three forms of porosity can be noticed: (i) long and well-oriented macrochannels 
that are parallel to each other and perpendicular to the outer surface of the particle, (ii) surface 
macropores of 0.8-9.3 µm in size, and (iii) porous walls with pores mostly smaller than 0.5 µm. 
Considering the fact that no surfactant or template was used in the preparation process, the 
macropores sizes differ and a certain degree of randomness can be seen in the structure of the 
samples. In the course of titanium precursor hydrolysis and subsequent condensation reactions, 
butanol was released into the aqueous solution, which could create microphase-separated regions 
of solid Ti particles and water-alcohol channels. This can provide the right condition for the 
formation of macrochannels which are observed in the SEM images. The hydrothermal route 
could successfully advance titanium dioxide crystallization while maintaining the hierarchically 
porous network initially formed during hydrolysis and aging processes. It is noteworthy that 
these open-ended tubelike macrochannels can facilitate the diffusion of VOC molecules to the 
active sites of titania and also serve as paths for emitted photons to reach particle‟s interior 
regions. 
TEM was employed to further elucidate the microstructure of hydrothermally-prepared TiO2 
photocatalysts. Figure ‎5.18 presents the TEM and HR-TEM images along with dark-field 
imaging of H-Base, H-SA2, and H-A12. No long-range ordered mesoporous structure can be 
seen in Figure ‎5.18a, d, or g, which indicates that a major portion of mesopores are originated 
from the aggregation of small titania crystals (i.e. interparticle porosity). This could be more 
easily observed in the dark-field images of the samples, brought in Figure ‎5.18b, e, and h. In 
good accordance with the BET results, depending on the sample, mesopores ranging from ca. 2 
nm to ca. 30 nm in size are formed due to the accumulation of TiO2 nanocrystals. As the pH of 
reaction medium is raised from 2 to 12 (i.e. H-SA2 to H-A12), the interparticle pore size grows 
as well, which could be deduced from the enlargement of white dots in the dark field images. 
The HR-TEM images reveal that the crystallinity and crystal size are improved in more alkaline 
preparation environments. Anatase crystal sizes measured directly from HR-TEM images 
(Figure ‎5.18c, f, and i) are about 7, 6.5, and 15.5 nm for H-Base, H-SA2, and H-A12, 
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respectively. The clarity of lattice fringes of titania crystals in HR-TEM images, specifically in 
Figure ‎5.18i, suggests high degree of crystallinity for all samples. 
 





Figure ‎5.18 TEM and HR-TEM images of (a, b, c) H-Base, (d, e, f) H-SA2, and (g, h, i) H-A12. Inset 
of (c): SAED pattern of H-Base. 
The lattice fringes are around 3.5Å, corresponding to the (101) plane of anatase [194]. The 
polycrystalline anatase phase is, demonstrated by SAED pattern (inset in Figure ‎5.18c), 
complying with the results of the XRD analysis. Clear diffraction rings indexable to anatase (d-
spacings and (hkl) values: 0.352 (101), 0.243 (103), 0.189 (200), 0.169 (105), and 0.166 nm 
(211); JCPDS no. 21-1272) further shows that H-Base has good crystallinity. It is worth 
mentioning that the particle size distributions of yielded titania samples (not shown) were fairly 
narrow. Producing uniformly sized or monodispersed particles is in fact one of the known 
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advantages of hydrothermal route. The reason is that in the hydrothermal route, crystallization 
and crystal growth occur in a homogeneous condition, therefore, the crystal size distribution is 
fairly narrow.  
5.2.2.1.4. Photoluminescence and hydroxyl radical analyses 
Photoluminescence spectroscopy can be employed to investigate the efficiency of charge carriers 
generation and separation. Considering the fact that electron-hole recombination in titanium 
dioxide results in PL emission, PL analysis provides valuable information on the availability of 
electrons and holes for photocatalytic reactions [206]. The PL spectra of photocatalysts prepared 
in various hydrothermal reaction media are illustrated in Figure ‎5.19. To facilitate the 
comparison between different spectra, only some samples are represented in Figure ‎5.19 and 
instead all fluorescence intensities (at 390 nm) are listed in Table ‎5.7. In the wavelength range of 
330-570 nm, the shapes of spectra are very similar and only small shifts can be noticed for the 
main emission peaks. Deconvolution of H-SA2 spectrum is presented in the inset of Figure ‎5.19, 
which indicates that the spectra consist of one strong peak at about 390 and four weaker peaks at 
424, 445.5, 489, and 532 nm. The strong peak at about 390 nm (depending on the catalyst) is due 
to the emission of band gap transition, with the energy of light close to the band gap energy of 
anatase (387.5 nm) [207]. This peak gets slightly red shifted to the right for samples prepared at 
higher pH values due to the improved crystallinity. The emission peak appears at 424 nm can be 
attributed to the indirect band edge allowed transitions and self-trapped excitations localized in 
TiO6 octahedra [208, 209]. The latter is the result of interaction between conduction band 
electrons (on Ti 3d orbital ) and holes in the O 2p orbital of TiO2 [206]. The emission bands at 
445.5 and 489 nm can be assigned to excitonic PL, which mainly originate from surface oxygen 
vacancies, crystal defects, and/or self-trapped excitations in TiO6 [29, 210]. It is noteworthy that 




 and creates the 
intermediate energy states in the forbidden gap. There is also a PL band at 532 nm, which can be 
attributed to the oxygen vacancies, impurities and defects [211]. Figure ‎5.19 reveals that the 
emission intensity to a great extent agrees with photocatalyst crystallinity. In this regard, H-SA2 
with the lowest crystallinity among prepared samples exhibits the highest PL intensity, 
suggesting significant charge carriers recombination. On the other hand, H-A12 and H-Base, 
which comparatively possess higher crystallinities, show weaker PL emissions. Enhancement in 
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photocatalyst crystallinity reduces the number of crystal defects that potentially instigate the 
recombination of electrons and holes. 
 
Figure ‎5.19 Photoluminescence spectra, inset: deconvolution of H-SA2 spectrum 
Fluorescence spectrometry technique with TA as probe molecule was used to compare the ability 
of titania samples to produce 
•
OH. Hydroxyl radicals quickly react with TA and produce highly 
fluorescent 2-HTA; thus, intensity of the PL peak of 2-HTA is proportional to the population of 
•OH on the surface of photocatalyst. The PL spectra of TiO2 photocatalysts prepared at different 
hydrothermal conditions are demonstrated in Figure ‎5.20. The inset of Figure ‎5.20 depicts the 
fluorescence spectra that are obtained from supernatant liquid of H-Base titania irradiated for 
different durations (from 5 to 60 min). The linearity of PL intensity with time suggests that the 
number of generated 
•
OHs is proportional to irradiation time. For the sake of clarity, only 
sufficiently distinct PL spectra are depicted in Figure ‎5.20 and the maximum PL intensities at 
425 nm for all samples are listed in Table ‎5.7. H-SA2 has a relatively small PL intensity, which 































is obviously related to its low crystallinity that substantially increases the chance of charge 
carriers recombination. By increasing the pH value of the reaction medium to 4, an increment in 
the PL intensity is seen for all acids except hydrochloric acid (Table ‎5.7), which surprisingly 
shows a small diminution in PL intensity for H-HCA4. The enhancement in crystallinity results 




 pairs, and higher concentrations of 
•
OH (i.e. 2-HTA) which 
could explain the stronger fluorescence emissions.  
 
Figure ‎5.20 Fluorescence spectra, inset: variation in fluorescence intensity of H-Base irradiated for 
various durations 
Despite the fact that the relative crystallinity of H-HCA4 is greater than H-HCA2 (1.19 vs. 1.05), 
H-HCA2 has slightly larger PL intensity compared to H-HCA4 (2253.6 vs. 2020.2 a.u.). This 
could be rationalized by comparing the key properties of H-HCA2 and H-HCA4: (i) H-HCA4 
has a larger brookite content (17.3 vs 14.8%) and (ii) H-HCA4 specific surface area is roughly 
11% smaller than H-HCA2, both (i) and (ii) contributing to lower PL intensity. By employing an 
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alkaline hydrothermal solution (i.e. H-A12) an increase in the PL intensity can be noted which 
could be anticipated given the huge gap between the relative crystallinity of H-A12 and other 
samples. Figure ‎5.21 demonstrates the variations in PL intensity and fluorescence intensity with 
relative crystallinity of photocatalysts (reported in Table ‎5.7). The blue circles represent the 
connection between photocatalyst relative crystallinity and charge carrier separation efficiency. 
The negative correlation between the PL intensity and degree of crystallinity implies that the 
recombination process is less severe in TiO2 samples with higher crystallinity. On the other hand, 
surface area normalized fluorescence intensity (calculated based on the data in Figure ‎5.20 and 
Table ‎5.7) and relative crystallinity exhibit an acceptable level of proportionality (red trend line, 
R
2
=0.79).  The positive correlation suggests that a greater number of 
•
OHs can be produced on 
the surface of titania samples with better crystallinity. On the basis of this trend, it can be 
concluded that once the contribution of surface area is excluded, among various features of 
catalyst (e.g. crystallinity, anatase content, crystal size, and band gap), the governing factor in 
generation of hydroxyls radicals on TiO2 is crystallinity. 
 
Figure ‎5.21 Dependence of PL and normalized fluorescence intensities on photocatalyst crystallinity 
R² = 0.5047 
R² = 0.7978 
























































5.2.2.1.5. XPS  
XPS is considered a reliable method to acquire information regarding the chemical states and 
surface chemical compositions of photocatalysts. The XPS survey spectra of H-SA2, H-A12, and 
H-Base are presented in Figure ‎5.22, indicating that all three titania samples contain Ti, O, and C 
elements. Besides small quantities of carbon and sulfur (only for H-SA2), no other impurities 
were observed in the XPS surveys. The C1s peak located at a binding energy of approximately 
285 eV is assigned to adventitious carbon.  
 
Figure ‎5.22 XPS survey spectra of H-Base, H-SA2, and H-A12 
Figure ‎5.23a shows high-resolution XPS spectra of O1s region after Gaussian curve fitting, 
revealing presence of different types of oxygen on photocatalyst surface. The O1s can be mainly 
fitted into two peaks: a main peak at 530.3 eV and a smaller one at 531.8 eV which are 
respectively ascribed to lattice oxygen (Ti ‒O) in TiO2 crystals and surface hydroxyl group (Ti‒
OH) [43, 212]. The peak area of hydroxyl groups of H-SA2 sample is much larger than those of 
H-Base and H-A12, indicating that the former contains more hydroxyl groups. As reported in 
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Table ‎5.8, the OH/Otot ratio for photocatalysts declines with increasing the pH of hydrothermal 
reaction medium. This is due to the fact that at a higher pH, hydrothermal reactions further 
proceed; thus, many surface hydroxyl groups are consumed in condensation reactions to form Ti-
O-Ti networks. Additionally, the stronger OH peak for H-SA2 can also be partly attributed to its 
larger surface area compared to the other two samples. Figure ‎5.23b illustrates the high 
resolution XPS spectra of C1s region of photocatalysts. The C 1s region can be deconvoluted for 
three peaks at bindings energy of 284.7, 286.2, and 288.7 eV. The main peak (at 284.7 eV) 
represents carbons in saturated hydrocarbon groups (C-C and C-H) [213] which could result 
from residual carbon in the hydrothermally-prepared samples or the adventitious carbon. The 
small peaks at 286.3 and 288.7 eV, respectively correspond to hydroxyl carbon (C‒OH) and 
carboxyl carbon (C=O) [214, 215]. 
 
Figure ‎5.23 High resolution XPS spectra of O1s and C 1s region 
The atomic ratios of Ti to O of all samples are in good agreement with the nominal atomic 
composition of TiO2. The carbon can be attributed to the residual carbon from the sample and 
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adventitious hydrocarbon from XPS instrument itself. Excessive O element could come from the 
chemisorption of water on the samples [216]. 
Table ‎5.8 Elemental surface composition (atomic %) and ratio of hydroxyl groups oxygen to lattice 
oxygen 
Photocatalyst Element OH/Otot 
 
Ti O C S 
 H-Base 25.8 64.6 9.6 - 0.15 
H-A12 26.5 63.0 10.5 - 0.09 
H-SA2 25.4 64.4 7.5 2.7 0.25 
 
5.2.2.2. Photocatalytic activity 
The overall performance of a photocatalyst strongly depends on a number of factors including 
crystallinity, crystal size, surface area, porosity, crystalline phase, charge-separation efficiency, 
light harvesting ability, surface chemistry, and the ability to produce 
•
OHs. Besides, the 
magnitude of influence of each factor on the performance of photocatalyst is closely linked to the 
key operating conditions such as relative humidity, inlet concentration, airflow rate and light 
intensity.    
5.2.2.2.1. Impact of airflow rate 
Figure ‎5.24 demonstrates the variation in removal efficiency of various photocatalysts with 
residence time in the range of 0.012-0.03 s. For all photocatalysts higher values of removal 
efficiency are reached at longer residence times since MEK molecules have more time to 
penetrate the boundary layer, adsorb on the surface, and react with the active species (e.g. 
hydroxyl radicals). However, it is interesting to note that the extent of the influence of residence 
time on the performance is closely related to the characteristics of photocatalyst, specifically 
surface area. As can be seen in Figure ‎5.24, depending on the residence time, the maximum 
removal efficiency of MEK is achieved over different titania photocatalysts: H-NA4 at 0.012 s 
(36.9%), and H-A10 at 0.02 s (48.0%) and 0.03 s (61.4%). This is understandable considering 
the fact that at shorter residence times the role of surface area (and porosity) in the overall VOC 
removal is more dominant with respect to that of crystallinity. In other words, for a catalyst with 
small surface area (e.g. H-A10), the short residence time severely limits the mass transfer of 
pollutants from the bulk to the surface and adjacent to the active sites/species. As a result, in the 
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case of H-A10, even though the high degree of crystallinity can guarantee a large density of OH 
radicals on the surface, the inefficient adsorption does not bring MEK molecules into contact 
with 
•
OHs and, thus, impairs the removal efficiency. In contrast, at a longer residence time (i.e. 
0.02 or 0.03 s), more MEK molecules are available on the surface of H-A10 and the oxidation 
reactions will be the determining step. To better understand this point it could be helpful to 
compare the relative performance drops (defined as:   
            
          
) of H-NA4 and H-A10. The 
relative performance drops for H-NA4 and H-A10 are 0.33 and 0.42, respectively, which clearly 
points to the fact that H-A10 is more sensitive to the changes in airflow rate. Except H-A12, all 
other hydrothermally synthesized TiO2 samples significantly outperform P25 in MEK removal 
efficiency primarily due to the large surface area, multiscale porous structure, and sufficiently 
high crystalinity. 
 
Figure ‎5.24 Effect of residence time on MEK removal efficiency over various photocatalysts 
Figure ‎5.25 presents the corresponding by-products generation for the hydrothermally-prepared 
catalysts and P25. In the outlet air stream formaldehyde, acetaldehyde, acetone and traces of 
propionaldehyde were detected as unwanted by-products along with CO2 as the main product. As 
a general trend, the total amount of by-products grows with the residence time clearly due to the 
increment in degradation rate. At longer residence times, more MEK molecules can adsorb on 
120 
 
the surface and participate in the catalytic reactions, leading to formation of larger amounts of 
intermediates/by-products. However, since intermediates/by-products as well have a higher 
chance of reaction and re-adsorption on the surface as the airflow rate decreases, the increase in 
the amount of by-products does not exactly correspond with the enhancement in the efficiency. 
For instance, MEK removal efficiency enhances from 35.7% at tres=0.012 s to 61.4% at tres=0.03 
s, while the total amount of by-products increased from 144.7 ppb to only 211.5 ppb. On the 
other hand, it can be noticed that in the majority of cases and especially at tres=0.012 s, despite 
the fact that the removal efficiency is much higher on the high-surface-area and hierarchically 
porous samples than on P25, the amounts of by-products are comparatively lower. The reason is 
that the multimodal porous TiO2 with an interconnected structure more efficiently traps the 
intermediates, barricades their release to the gas phase, and advances total mineralization.  
 




Generation of unwanted by-products is one of the main shortcomings of photocatalytic air 
purification. It has been demonstrated that under severe operating conditions, the treated air may 
exert even more health risks to human because it carries by-products which are more harmful 
than the original contaminant [217, 218]. Consequently, in the present study we analyze this 
issue by assessing the health-risk index for generated by-products during PCO of MEK under 
various operating conditions. The top graph in Figure ‎5.25 displays the variation in HRI with the 
residence time over different photocatalysts. As could be expected from the trends of by-
products generation, the higher the residence time is, the larger the HRI is. The HRI value varies 
between 1.47 and 6.32, which is reasonable considering that the inlet concentration of MEK is 
1000 ppb. Among the generated by-products, formaldehyde is the most hazardous one with a 
REL value of 16 ppb and known to be a carcinogen. Consequently, the amount of formaldehyde 
in the outlet stream most severely affects the HRI value.  
5.2.2.2.2. Impact of relative humidity 
Presence of high concentrations of water vapor (up to 22000 ppm) in air especially during 
summer is a serious yet inevitable barrier against efficient removal of pollutants. In this study, 
the impact of relative humidity on the efficacy of developed titania samples is investigated by 
performing the PCO tests at three humidity levels: 0, 20, and 50%. As can be seen in 
Figure ‎5.26, the response of photocatalyst to the increment in relative humidity (from 0 to 50%) 
follows one of two trends: (i) steady reduction in MEK removal efficiency or (ii) presence of an 
optimum performance at 20% relative humidity. The first trend can chiefly be attributed to the 
adsorption competition between water and MEK molecules over the active sites of titania. In 
addition, the strong hydrogen bonds between water molecules and surface hydroxyl groups result 
in the formation of a water film on TiO2. The water film diminishes the attraction forces between 
MEK molecules and titania and exacerbates the adsorption process. This adverse effect is less 
noticeable for photocatalysts with large surface area (e.g. H-SA2, H-NA2, etc.) since these 
samples are more capable of hosting both MEK and water molecules. For instance, MEK 
removal efficiency over H-SA2, H-NA2, and H-HCA2 only drop by 3.6, 4.3, and 1.6% 
respectively as humidity increases from 0 to 50%. It is important to note that the hydrophilic 
character and high water solubility (i.e. polar) of MEK enable it to diffuse through or adsorb on 




Figure ‎5.26 Effect of relative humidity on MEK removal efficiency over various photocatalysts 
In the second trend, which is mostly observed for photocatalysts with small porosity and surface 
area, MEK removal efficiency firstly improves with humidity, peaks at humidity of 20%, and 
afterwards decreases. To explain this behavior one should keep in mind that besides surface 
hydroxyls, water vapor is the major source of 
•
OHs. Water molecules on the surface of titania 
react with holes and produce 
•
OHs, the main oxidant during MEK degradation. Therefore, it is 
logical to presume that for low surface area (i.e. highly crystalline) TiO2 catalysts which also 
have low OH density, at dry condition, the precursor for 
•
OH formation is missing, leading to a 
substantial performance drop. As an example, when humidity increases from 0 to 20%, MEK 
removal efficiency over H-A12 grows by roughly 63% compared to its initial value simply 
because more 
•
OHs are available for oxidation of MEK. Further increment in relative humidity 
(i.e. 50%) deteriorates the efficiency since the inhibiting effect of adsorption competition 
overpowers the promoting effect of 
•
OH formation. Humidity level can also influence the amount 
and type of generated by-products as depicted in Figure ‎5.27. In general, the amount of by-
products increases with relative humidity because the adsorption competition between the 
intermediates/by-products and water molecules for active sites of titania becomes more severe. 
Nevertheless, it should be highlighted that the abundance of hydroxyl radicals at higher humidity 
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levels can boost the total mineralization and reduce the by-products. As a result, in some cases 
(e.g. H-Sa2, H-FA4, and H-A12) the amount of by-products at 50% is equal or even lower than 
that at 20%. Compared to the residence time, HRI is less sensitive to the changes in relative 
humidity and mainly fluctuates between 1 and 3. H-SA2 offers the safest PCO system 
(HRI=1.41-1.52) since its superior surface area, OH population, and adsorption capacity prevent 
the desorption of by-products from the surface to the air.  
5.2.2.2.3. Impact of pollutant inlet concentration 
The influence of MEK inlet concentration on removal efficiency over various TiO2 samples is 
illustrated in Figure ‎5.28. In line with previous studies, raising the pollutant concentration leads 
to a sharp decline in removal efficiency (between 8-22.9%) in all cases.  
 




This is understandable considering that the ratio of the number of “active/adsorptive sites + 
reactive species” to that of incoming MEK molecules decreases as the concentration increases. 
As a consequence, a greater number of MEK molecules cannot participate in the degradation 
reactions with 
•
OHs. It is noteworthy that in indoor environment (i.e. office, residential, and 
commercial buildings) although there are numerous pollutants, the concentration of each VOC 
normally does not go beyond 20 ppb. Therefore, the values of removal efficiency at [CMEK]=100 
ppb are better representatives of the actual performance of the developed photocatalysts. By 
raising the hydrothermal medium pH from 2 to 4, MEK removal efficiency improves for all 
samples except with hydrochloric acid. At [CMEK]=100 ppb, H-SA4, H-NA4, H-FA4, and H-
AA4 outperform their counterparts prepared at pH=2 by 6.2, 11.9, 3.7 and 1.5% respectively. 
The observed behavior can be mainly attributed to the improvement in crystallinity of titania 





pairs. This indicates that for these samples the improvement in crystallinity outweighs 
the decline in surface area and porosity; therefore, the net effect of increasing solution pH is 
positive. On the other hand, the upward trend in MEK removal efficiency with pH corresponds 
well with the ability of these photocatalysts to create 
•
OHs. For sulfuric, nitric, and formic acids, 
PL intensity is greater for the catalyst prepared at pH of 4, which implies larger concentration of 
hydroxyl radicals. Interestingly, for hydrochloric acid, both MEK removal efficiency and PL 
intensity experience downward trends by increasing the aqueous solution pH. Porosity and 
surface area diminution, and the increase in brookite phase content might be considered as the 
main reasons for the efficiency (and PL intensity) drop from H-HCA2 to H-HCA4. H-SA2 has 
the lowest crystallinity among the samples which leads to an extremely low PL intensity (893.7 
a.u.); nevertheless, it reaches a comparable MEK removal efficiency. A certain contributing 
factor is H-SA2 surface area (and porosity) which exceeds all other samples prepared in acidic 
environments by 13-30% and provides H-SA2 a great advantage in the adsorption step. The 
photocatalyst prepared in ammonia alkaline solution with pH of 10 achieves the highest MEK 
removal efficiency, 61.4%, which is 26% higher than that of P25. The relative crystallinity and 
surface area of H-A10 are 1.9 and 121 m
2
/g respectively, which apparently offer the best trade-
off between these two contradictory features. In photocatalysis, charge carriers must reach and 




 transfer processes [198]. These phenomena are 




 pairs in bulk and on the surface of photocatalyst. 
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Bulk and surface recombinations exacerbate with increment and decrement in crystal size, 
respectively. Consequently, it is logical to presume that at a specific crystal size the optimum 
balance between bulk and surface recombinations can be reached. Fluorescence spectrometry 
(OH radical generation) and photoluminescence results support the superior performance of H-
A10. H-A10 has the second highest surface area normalized PL intensity (16.94 a.u./(m
2
/g)), 





 separation. On the other hand, the weak PL emission for H-A10 also confirms 
the long lifetime of charge carriers on H-A10. It was witnessed that further increment in the 
hydrothermal solution pH (i.e. from 10 to 12) entails a drastic fall in MEK removal efficiency to 
26%. H-A12 has the highest degree of crystallinity and PL intensity which are advantageous to 
PCO processes. However, the low surface area, decline in mesoporosity, small population of 
surface hydroxyl groups, and excessive crystal growth could be held accountable for the inferior 
activity of H-A12.  
 
Figure ‎5.28 Effect of inlet concentration on MEK removal efficiency over various photocatalysts 
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It is worth noting that in our experiments photocatalysts with 100% anatase phase (i.e. H-A12 
and H-FA4) do not possess the highest photoactivity, which is in contrary to the common belief 
that anatase is the most active polymorph of titania. The quantity and type of generated by-
products during the experiments with different MEK concentrations are demonstrated in 
Figure ‎5.29. Expectedly, when the inlet concentration is higher a greater number of MEK 
molecules are decomposed or partially oxidized and thus more by-products are produced. 
Considering the top graph in Figure ‎5.29, the lowest health-hazards are obtained over H-SA2 for 
two reasons: small MEK degradation and large surface area, both of which contribute to lower 
HRI values. H-SA2 216.1 m
2
/g surface area offers ample adsorption/active sites which can host 
incoming MEK molecules as well as the by-products generated throughout the PCO process. On 
the other hand, properly interconnected pores not only ease the diffusion of by-products (and 
MEK) into H-SA2 interiors, but act as trap and prevent the reintroduction of by-products (or 
intermediates) back to the gas phase. H-A10 and H-NA4 produce the largest quantities of by-
products which is logical considering that they possess the highest removal efficiencies. It is 
interesting to note that although P25 has the second lowest MEK removal efficiency, it 
generates/releases a considerable amount of by-products. P25 small surface area in comparison 
to other titania samples brings about a severe adsorption competition among MEK, by-products, 
and water molecules. Therefore, light by-products such as acetone and formaldehyde are 
desorbed from the surface before undergoing the oxidation reactions toward complete 
mineralization. It has been suggested that the HRI value should not exceed 1 in order to assure a 
safe photocatalytic air purification system. As can be noted from the top graph in Figure ‎5.29, in 
most cases where the inlet concentration is 100 or 500 ppb, HRI is smaller or very close to one. 
Consequently, if we consider the application of these PCO systems under actual operating 




Figure ‎5.29 Effect of inlet concentration on by-products generation during MEK photocatalytic 
degradation 
5.2.2.3. MEK degradation pathway 
Based on the detected compounds in the gas-phase in this work and the intermediates/by-
products reported in literature [217-221], a possible reaction pathway for photocatalytic 
oxidation of MEK is developed (Figure ‎5.30). In step I, illumination of titanium dioxide leads to 
creation of electrons and holes, which subsequently react with water, oxygen, and OH groups on 
the surface and generate strong oxidants. MEK molecules react with the photogenerated positive 
holes and/or 
•
OHs to form alkyl radicals (H-abstraction). Through C-C scissions (step II) alkyl 
radicals break down into smaller alkyl radicals and various organic compounds including 
ketenes, ketones, propionaldehyde and propionic acid. Further surface reactions and radicals 
recombination result in the formation of ethanol, acetaldehyde, methanol and acetic acid. It has 
been suggested that during beta scissions several alkanes and alkenes might be produced (step 
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IV) although not detected in the gas phase [221]. Besides its direct formation in step III, 
acetaldehyde can also be formed via oxidation of ethanol. Then, acetaldehyde itself is oxidized to 
formaldehyde, acetic acid and methanol. A major portion of these light compounds go through 
further oxidation reactions and eventually are converted to CO2 and water.   
 





5.3. Impact of photocatalyst morphology 
As indicated in previous sections, activity of a photocatalyst depends on a large number of 
factors including crystallinity, crystal phase, crystal size, surface area, surface OH density, 
porosity, pore size, band gap, and ability to generate OH radicals. The fact that photocatalyst 
properties have non-linear and intertwined correlations with photoactivity makes property-
performance prediction even more difficult and accounts for the absence of any mechanistic 
relationships between photocatalyst physicochemical features and VOC abatement ability. 
Structural dimensionality of TiO2 has also a great impact on its properties and photocatalytic 
activity towards air contaminants. Numerous TiO2 morphologies, such as nanoparticles, 
microspheres, nanotubes, nanosheets, hollow spheres, and hierarchically porous have been 
fabricated and tested for different applications [222]. Nevertheless, controllable fabrication of 
various titania structures with desired morphologies and architectures at micro- and nanoscale is 
still regarded an experimental challenge in material science. There are at most a handful of 
studies in which different TiO2 designs have been compared for photocatalytic reactions; 
however, in these works a critical point has been overlooked which does not allow to draw any 
clear conclusion regarding the superiority of a specific morphology. It is extremely difficult and 
perhaps unreasonable to claim that a specific morphology outperformances others knowing that 
the developed morphologies have considerably different characteristics (i.e. crystallinity, surface 
area, etc.). This is quite an important point when we compare 0-D (e.g. nanoparticles and 
microspheres), 1-D (e.g. nanotubes and nanowires), 2-D (e.g. nanosheets and nanoplatelets), and 
3-D (hierarchically porous) architectures. In addition, considering the fact that the applied 
conditions for evaluating the photocatalytic activity vary markedly in different researches, it is 
not possible to exploit the available data in literature to determine which design offers the best 
performance for photocatalytic air purification. In the quest for properly answering this question, 
we fabricated seven different titanium dioxide structures namely solid microspheres, mesoporous 
microspheres, hollow spheres, nanotubes, nanosheets, 3-D sea urchin-like, and 3-D 
hierarchically porous, and examined their efficiencies for removal of MEK. With deliberately 
adjusting the key parameters (e.g. hydrothermal time, temperature, pH, additives, solvent, etc.) 
based on our understanding of the physical/chemical phenomena during the synthesis and 
extensive literature review, we were able to reach the desired morphologies while keeping the 
variations in photocatalysts‟ crystallinity, crystalline composition, and surface area in narrow 
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ranges. This allows one to better make a comparison between different TiO2 designs since the 
most influential features of these photocatalysts (i.e. crystallinity, crystal phase, and specific 
surface area) are, to a great extent, identical.  
5.3.1. Methodology 
5.3.1.1. Photocatalyst preparation 
5.3.1.1.1. Solid microspheres 
In a typical preparation procedure, 0.4 mL 0.1 M potassium chloride (from Fischer) aqueous 
solution was added slowly to 100 mL anhydrous ethanol under continuous stirring (400 rpm) at 
room temperature [223]. Then, 2.5 mL titanium tetra isopropoxide (from Fischer) was added 
dropwise to the above mixture. The resulted solution was stirred for 20 min and then aged for 24 
h in a static state at ambient temperature. After aging, the precipitates were collected by means of 
centrifugation and washed three times with distilled water and ethanol successively. The 
obtained solids were dried in vacuum oven at 120 °C for 20 h. In the next step, 0.4 g of the 
amorphous titania was dispersed in 70 mL distilled water and stirred for 20 min. The slurry was 
transferred to a 100 mL stainless steel autoclave with a Teflon liner to undertake the 
hydrothermal treatment. The autoclave was heated at a rate of 3 ˚C/min to 180 ˚C, maintained at 
that temperature for 12 h, and finally cooled down (-3 ˚C/min) to room temperature. The 
resulting precipitate was separated from the solution by a similar procedure to that explained in 
the first step. Finally, the solid microspheres were dried under vacuum at 80 ˚C for 12 h. This 
sample hereafter is denoted as TSMS.   
5.3.1.1.2. Mesoporous microspheres  
For preparation of mesoporous anatase microspheres titanium tetrabutoxide and concentrated 
sulfuric acid were used. In a typical preparation route, 1.4 mL of TBOT was added dropwise to 
80 mL H2SO4 2 M and stirred for 20 min to obtained a transparent solution. Afterwards, the 
solution was transferred into a 100 mL Teflon lined stainless steel autoclave and perfectly sealed. 
The autoclave was heated up in the electric oven at a rate of 3 ˚C/min to 160 ˚C, maintained at 
that temperature for 6 h, and cooled down (-3 ˚C/min) to room temperature. After the reaction, 
the formed solids in the liner were collected by centrifuge and washed with distilled water. This 
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process was repeated several times until the washing solution reached neutral pH value. Finally, 
the white product was dried in air at 70 ˚C for 12 h. This sample hereafter is denoted as TMMS. 
5.3.1.1.3. Hollow spheres 
First, 0.4160 g Ti(SO4)2 (from Sigma Aldrich, Ti(SO4).xH2O+H2SO4, 99%) was dissolved in 80 
mL distilled water and stirred for 15 min at 300 rpm. This solution was mixed with 0.0177 g 
NH4F (from Fisher) under vigorous stirring (600 rpm) for another 20 min [224]. The 
concentrations of titanium precursor and fluoride were 0.02 M and 0.006 M, respectively, in the 
reaction medium. The resulting mixture was poured into a 100 mL Teflon lined stainless steel 
autoclave and the hydrothermal synthesis was conducted at 180 ˚C for 12 h. After the reaction, 
the autoclave was allowed to cool down to room temperature (took roughly 6 h). The precipitates 
were filtered, washed with water several times, and dried at 100 ˚C for 12 h. This sample is 
denoted as THS. 
5.3.1.1.4. Nanosheets 
In a typical experiment, 14.56 mL TTIP and 2.0 g TiF4 (from Fisher) were placed inside the liner 
cup. Then 4.88 mL 2-propanol, 1.2 mL H2O and 0.4 mL HCl (to adjust the pH of initial solution) 
were added to the cup respectively [225, 226]. After sealing the stainless steel autoclave, the 
reactor was brought to 180 °C at a rate of 3˚C/min, allowed to react for 24 h at 180 °C inside the 
hot air oven, and left to cool overnight. The resulting white-gray precipitate was washed by bath 
sonication in 50 mL of 2-propanol for 30 min and subsequently centrifuged. The washing-
centrifugation procedure was repeated three times and afterwards the solids were dried at 80 ˚C 
for 12 h. This sample hereafter is denoted as TNS. 
5.3.1.1.5. Nanotubes  
Crystalline nanotubes were prepared via hydrothermal treatment of P25 powder followed by 
thermal post-treatment. 2 g P25 powder was added to 80 mL NaOH 7.5 M and stirred for 30 min 
at 400 rpm to obtain a homogeneous slurry [227, 228]. The solution was transferred to a 100 mL 
Teflon lined autoclave and heated to 160 ˚C at a rate of ~ 10 ˚C/min and maintained at this 
temperature for 24 h. Afterwards, the products were washed with 0.1 M HCl and distilled water 
and filtered. The washing-filtering procedure was repeated until pH value of the rinsing solution 
was almost 6.5. The precipitates were dried in vacuum oven at 80 ˚C for 12 h. Finally, as-
synthesized titanate nanotubes were calcined at 450 ˚C for 2 h. This sample is denoted as TNT.  
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5.3.1.1.6. 3-D sea urchin-like  
These TiO2 structures were fabricated via ethylene glycol (EG)-assisted solvothermal treatment 
[229]. In a typical experiment, 0.5 mL TBOT and 26 mL NaOH 1 M (aqueous solution) were 
mixed and stirred for 10 min at ambient temperature. To enhance the dispersion of TBOT 
precursor into the solution, a 5 min ultrasonication was applied. Then, 53 mL ethylene glycol 
(from Fischer) was added to the solution and vigorously mixed for another 10 min. The resulting 
white solution was transferred to the Teflon-lined hydrothermal reactor and heated at 180 ˚C for 
12 h. Afterwards, the products were washed with 0.1 M HCl and distilled water and filtered. The 
washing-filtering procedure was repeated until the pH value of the rinsing solution reached 6. 
The precipitates were dried at 50 ˚C for 12 h and subsequently calcined at 550 ˚C for 2 h to 
enhance the crystallinity of the as-synthesized urchin-like titania. This sample is denoted as TSU. 
5.3.1.1.7. 3-D hierarchically porous  
To synthesis 3-D hierarchically porous titania, the preparation route explained in section 5.2 with 
minor modifications has been employed. TBOT was added to 0.01 M nitric acid aqueous 
solution. After aging for 24 h, the solution was transferred to autoclave and underwent 
hydrothermal reactions at 180 ˚C for 6 h. After separation, the resulting solids were calcined at 
350 ˚C for 6 h. This sample hereafter is denoted as THP.  
The experimental set-up design and operation are explained in details in section 3.1.2. The 
experimental conditions at which PCO tests were performed for photocatalysts of this section are 
given in Table ‎5.9. 
Table ‎5.9 PCO tests experimental conditions 
Parameter Value  Unit 
Inlet concentration 1006 ± 11.1 ppb 
Relative humidity 18.5± 1.3  % 
Volumetric flow rate  12 L/min 
Residence time 0.05  s 
Light intensity  5 mW/cm
2 
Temperature 21.3 ± 1.5 °C 





5.3.2. Results and discussions 
5.3.2.1. Morphological evolution  
5.3.2.1.1. Titania solid and mesoporous microspheres 
The morphology of yielded titanium dioxide solid microspheres was first examined by FE-SEM. 
Figure ‎5.31 illustrates the SEM images of TiO2 products at different magnifications. As it can be 
seen, the preparation route resulted in well-defined solid spheres with sizes of about 0.3 to 0.8 
µm. The spheres have rough surfaces (Figure ‎5.31c and d), indicating crystallization of TiO2 and 
growth of TiO2 crystallites. The formation of such structures can be explained by Van der Waals 
forces exist between particles. To lower the surface energy, the nucleated particles tend to form 
agglomerates with various geometries. Under these conditions, by forming spherical 
agglomerates the minimum surface-to-volume ratio and thus minimum surface free energy can 
be reached.  
 
Figure ‎5.31 FE-SEM images of TSMS with well-defined spherical shape 
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To more closely investigate the structure of microspheres, TEM analysis was performed on the 
sample. TEM images (Figure ‎5.32a) further confirm that the prepared samples are solid spheres 
ca. 300-800 nm in size. TEM images also reveal that each sphere is composed of numerous 
nanocrystals of ca. 6-10 nm diameter, which is comparable to the grain size calculated from 
Scherrer equation (Table ‎5.10) based on XRD [101] diffraction peak (Figure ‎5.32b). The high 
degree of crystallinity could be deduced easily from the well-defined lattice fringes shown in the 
enlarged section of Figure ‎5.32c. This observation implies that the amorphous phase of TiO2 
could be successfully converted to anatase by undergoing a mild hydrothermal treatment. It can 
be noticed that a large number of mesopores are originated from the tightly interconnected TiO2 
nanoparticles evolved from amorphous titania during the hydrothermal reaction. 
 
Figure ‎5.32 TEM image (a and c), XRD pattern (b), and HR-TEM image of TSMS   
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Figure ‎5.33 presents the XPS survey spectrum along with high-resolution spectra of O 1s, Ti 2p, 
and C 1s. TSMS powder contains mainly Ti, O, and C elements and very small amount of Cl. 
The Cl contamination might come from KCl during preparation. The high-resolution XPS 
spectra of O1s region demonstrate that the titania sample possesses a huge amount of surface 
hydroxyl group (the strong peak at 531.78 eV). Regarding the Ti 2p spectra, the peaks at 464.8 
and 459.1 eV are attributed to Ti
4+
 2p 1/2 and Ti
4+
 2p 3/2 respectively, showing the oxidation 
state of the Ti element is the same as the bulk TiO2. In addition, the small peak located at 457.9 
eV is attributed to Ti
3+
 2p 3/2. The existence of this peak reveals that there are two types of 
titanium species on the surface of TSMS. Ti(III) oxide has a smaller band gap with respect to 
TiO2 and its energy level falls within the VB and CB of TiO2. It has been suggested that the 





separation and visible light activity [230]. In the high-resolution XPS spectra of C 1s region, a 
relatively intense peak is found at 286.9 eV. The peak at this binding energy is usually attributed 
to hydroxyl carbon (C‒OH), which could have been originated from the use of ethanol during 
synthesis or release of isopropanol during the hydrothermal reactions.  
 




Figure ‎5.34 depicts the SEM and TEM images of hierarchically mesoporous anatase 
microspheres. Considering Figure ‎5.34a, the developed titania illustrates a spherical morphology 
with an average diameter of about 3.5 µm. The high-magnification image of the surface of 
microsphere (Figure ‎5.34b) shows that the surface is covered with numerous tiny square 
nanoplates. To verify the hierarchical structure, samples were ground in a mortar to break the 
microspheres and inspect the interior regions. The cross-sectional SEM image of a broken 
microsphere is presented in the inset of Figure ‎5.34a, which indicates that the sphere is 
composed of 1-D nanorods that are aligned radially from the center. The corresponding HR-
TEM image and X-ray diffraction are presented in Figure ‎5.34c and d, respectively. As could 
also be interfered from the high-resolution SEM image, the HR-TEM analysis reveals that the 
nanoplates size varies considerably. Based on Figure ‎5.34c, the anatase crystal size ranges 
mainly between 11 and 17 nm. The lattice fringes of titania can be easily recognized which 
confirms high crystallinity of TMMS. Moreover, the lattice plane of anatase (101) with interlayer 
spacing of ca. 0.35 nm [194] can be observed in the HR-TEM image. The XRD patterns for the 
mesoporous microspheres matches well with the anatase phase TiO2 and the sharpness of 
diffraction peaks implies high degree of crystallinity. Using the (101) reflection peak and 
Scherrer equation, the average anatase crystal size was estimated to be 16.6 nm, which agree 
well with the crystal sizes seen in the HR-TEM image.  
Under the hydrothermal conditions, the following hydrolysis reactions take place: 
4 2 4
( ) ( ) ( ) ( 1 4)
n n
Ti OBu nH O OBu Ti OH nBuOH n

      (5.1) 
2
  Ti OH HO Ti TiOTi H O          (5.2) 
  Ti OBu HO Ti TiOTi BuOH          (5.3) 
Considering the high hydrolysis rate of TBOT precursor, the nucleation and growth can be very 
fast and lead to formation of large precipitates. In this context, using sulfuric acid in the 
hydrothermal solution can slow down the hydrolysis and titania growth rates and, consequently, 
offers a better control over the morphology. This was visually evidenced in the preparation stage: 
during the mixing process which lasted 20 min, the reaction solution was completely clear and 




Figure ‎5.34 SEM images (a and b), HR-TEM image (c), and XRD pattern of TMMS 
5.3.2.1.2. Titania hollow spheres 
Porous hollow spheres could be successfully fabricated by a single-step hydrothermal method in 
the absence of any organic/inorganic templates. Field emission SEM analysis was employed to 
investigate the morphology of yielded hollow nanostructures (Figure ‎5.35). Figure ‎5.35a 
represents the low-magnification image of the sample, revealing that the aggregates are in fact 
composed of a large number of micro-size spheres with diameters of about 1 µm. Higher 
magnification images (Figure ‎5.35b, c and d) clearly show the porous structures and hollow 
interiors of microspheres. It is noteworthy that the preparation of titania samples without NH4F 
resulted in solid TiO2 aggregates, pointing to the fact that the presence of fluoride ions is 
essential to reach THS. The SEM image of a single hollow sphere in Figure ‎5.35d indicates that 
the solid shell of the hollow structure is actually composed of numerous aggregated 
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nanoparticles. This could be better appreciated in the TEM images (Figure ‎5.36) which show that 
the walls are made of nanoparticles with their sizes in the range of 9-22 nm.  
 
Figure ‎5.35 FE-SEM images of THS 
The hollow structure of THS was also evidenced via TEM analysis as shown in Figure ‎5.36. The 
electron density difference between the dark exterior part of the sphere and its clearer center 
confirms the formation of hollow structures. Crystallization initiates at the surface of solid 
spheres due to the direct contact with aqueous medium and continues until the surface layer and 
the medium reaches equilibrium. Subsequently, due to the higher solubility and surface energy of 
amorphous core compared to the outer surface, the dissolution (via F¯ ions) and hollowing 
processes preferentially act on the center of sphere rather than the outer regions. In this regard, it 
has been previously suggested that the fluoride ions help the dissolution of the particles interiors 




Figure ‎5.36 TEM (a, b, c, and d) and HR-TEM (e and f) images of THS 
Hydrolysis of NH4F during the hydrothermal treatment brings about the release of hydrofluoric 
acid in the reaction environment. Consequently, a localized high concentration HF zone in the 
vicinity of TiO2 particles might be expected. Under the hydrothermal conditions, the hollow 
spheres are gradually produced through chemical etching/dissolution of the amorphous titania 
particles by HF followed by recrystallization of the surface of particles (dissolution-redeposition 
process). Based on HR-TEM images (Figure ‎5.36), it could be deduced that the developed THS 
have unexpectedly high anatase crystallinity considering the relatively low temperature and short 
reaction time. The high crystalline quality of yielded titania originates mostly from in-situ 
dissolution–recrystallization in the presence of fluoride ions (reactions (4) and (5)). 
2
2 6 2
4 6   2  ( )H TiO F TiF H O dissolution
  
     (5.4) 
2
6 2 2
2  4 6  ( )TiF H O H TiO F recrystalization
  
     (5.5) 
Additionally, the higher electronegativity of fluoride anion with respect to that of SO4
2-
 allows 
effective nucleophilic substitution, which can diminish the reactivity of titanium precursor. This 
process can inhibit the fast formation of small anatase nuclei and enable further crystal growth 
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due to the presence of a large number of unreacted titanium complexes in the reaction medium. 
As can be noted in both SEM and TEM images, there are many semi-hollow or broken 
microspheres in the sample. This could result from the deficit of HF in some regions (due to the 
slow hydrolysis of NH4F) during the hydrothermal synthesis, which does not provide perfect 
conditions for hollowing process and lead to appearance of semi-hollow spheres. The XPS 
survey spectra of THS (Figure ‎5.37) show that the hydrothermally-prepared sample contains Ti, 
O, C, and F elements. A small peak at 684 eV was found in the survey spectra which can be 
assigned to F 1s coming from NH4F during preparation. This peak originates from surface 
fluoride (≡Ti-F) formed by ligand exchange between fluorine and surface hydroxyl groups (i.e. 
physically adsorbed F
-
). As can be vividly seen in the high-resolution spectra of F 1s, no signal 
for F
-
 in the lattice of TiO2 (binding energy of ca. 688.5 eV) exits. In acidic hydrothermal 
environment, lattice substitution of F for O is inhibited by relatively fast TiO2 crystallization and 
growth via in situ dissolution-recrystallization.  
 




We also studied the Ti chemical states by XPS to gain some insights about the existence of 




 species is 
considered as a measure of oxygen vacancy concentration [231]. The negligible area of Ti(III) 
peak (Figure ‎5.37) signifies that there are a small number of oxygen vacancies on the surface of 
hollow spheres. 
5.3.2.1.3. Titania nanosheets 
Owing to their fundamental importance, synthesis of well-faceted anatase TiO2 crystals with 
high percentage of [001] exposed facet has gained enormous interest in the field of 
photocatalysis. In the present work, we could achieve titania nanosheets with high crystalinity 
and aspect ratio via a solvothermal route at relatively low hydrothermal temperature. One of the 
main advantages of the developed solvothermal route, compared to conventional hydrolytic 
route, is that in this procedure the direct use of highly toxic HF can be avoided. Instead of 
hydrofluoric acid, TiF4 is applied as the source of structure directing agent (i.e. fluorine) along 
with 2-propanol as the protective capping agent. Figure ‎5.38 and Figure ‎5.39 show the TEM and 
HR-TEM images of solvothermally-prepared TiO2 nanosheets, respectively. Clearly, the sample 
consists of well-defined sheet-shaped structures with a rectangular outline with lateral 
dimensions of approximately 50-70 nm. Based on the high-resolution TEM images (Figure ‎5.39) 
and Figure ‎5.38c and d, the thickness of the sheet is about 4.5-6.5 nm. The lattice spacing 
parallel to the top and bottom facets (highlighted in Figure ‎5.39a) is 0.233 nm, corresponding to 
the [001] planes of anatase titania. The crystallographic planes (determined in the TEM images) 
for the face-on and edge-on orientations confirm that the thickness of the nanosheets is oriented 
along the [001] direction of the anatase unit cell. Moreover, Figure ‎5.39b shows an average 
interfacial angle of 67.5 °, which is consistent with the theoretical angle between the [001] and 
[101] lattice planes of anatase (68.3 ± 0.3°). On the basis of the hypothesized geometry 
(Figure ‎5.39b inset) and the average dimensions (thickness and lateral lengths) of nanosheets 
observed in TEM analysis, the percentage of [001] facets of the developed TNS is estimated to 
be around 83%. It is to be noted that not all nanoparticles have the truncated octahedra shape 
with [001] and [101] facets as the face and edge planes, respectively. Nonetheless, TEM analysis 




Figure ‎5.38 TEM images of TNS. (a and b) face-on and (c and d) edge-on orientations 
Regarding the formation of nanosheet morphology, theoretical calculation indicated that fluoride 
ion can act as a structural directing agent via preferential adsorption on [001] anatase facets. 
Upon fluoride adsorption, the surface energy of the [001] facet becomes lower than that of [101]; 
therefore, the crystal growth proceeds along the [101] facet. On the other hand, in the present 
reaction route, 2-propanol can act as protecting agent to control the isotropic growth of anatase 
crystals as well. Under acidic conditions, 2-propanol dissociates and forms an alkoxy group 
((CH3)2CHO
-
) bound to coordinatively unsaturated Ti
4+
 cations on different facets [232]. Since 
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the density of 5-fold Ti on [001] is higher than that of [101], more alcohol can adhere to the 
[001] facet, inhibiting the crystal growth along the [001] direction. Besides the above-mentioned 
role of 2-propanol in TNS synthesis, the results of DFT calculations [232] suggest that the 
coadsorption of 2-propanol can strengthen the adsorption of fluorine to the [001] facet.   
 
Figure ‎5.39 HR-TEM images of TNS. Inset of (b): assumed geometry of truncated octahedra 
Figure ‎5.40 depicts the XPS survey spectrum of TNS. Sharp photoelectron peaks are seen at 
binding energies of 460 (Ti 2p), 531 (O 1s), 685 (F 1s), and 285 eV (C 1s). The F 1s peak only 
consists of one component with binding energy of 684.06 eV (similar to hollow spheres) which 
is related to fluorinated TiO2 surface (≡Ti-F). The XPS analysis clearly points to the fact that the 
atomic incorporation of F atoms into the lattice did not occur under the employed hydrothermal 
conditions. Interestingly, the O 1s peak associated with the surface hydroxyl groups is very small 
for the prepared nanosheets compared to that in other morphologies. One contributing factor is 
certainly the ligand exchange between the surface OH groups and fluoride anions during the 
hydrothermal treatment. Regarding the C 1s peak, a quite intense peak (compared to other 
morphologies) appears at 286.7 eV, which may result from surface oxidation of the aliphatic 
chains and adsorbed 2-propanol. Moreover, the small peak at 288.07 eV can be attributed to the 




Figure ‎5.40 XPS survey spectra and high resolution XPS spectra of C 1s and O 1s regions of TNS 
5.3.2.1.4.  Titania nanotubes 
As one of the pioneers, Kasuga et al. [233] successfully fabricated Ti-based nanotubular 
structures via a facile hydrothermal route through the transformation of TiO2 nanoparticles into 
nanotubes. Since then, many groups developed TiO2 nanotubes by hydrothermal or thermal post 
treatment techniques [234-236]. Most studies synthesized titania nanotubes by hydrothermal 
treatment of P25 or anatase/rutile powders in concentrated solution of NaOH or KOH [83, 237, 
238]. However, as-synthesized nanotubes usually show very little photocatalytic activity due to 
the fact that the crystalline structure mainly consists of various hydrogen or sodium titanates (e.g. 
Na2Ti3O7, H2Ti3O7, H2Ti6O13, H2Ti8O17, etc.) instead of the highly active anatase polymorph. In 
the present study, a two-step preparation method was used to fabricate anatase TNT with high 
degree of crystallinity: (i) transformation of P25 powder into titanate nanotubes via hydrothermal 
treatment in highly alkaline solution of NaOH, and (ii) transformation of titanate nanotubes to 
anatase nanotubes via calcination (reactions (6) and (7)).  
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2 2 4 2 2 2 2 5( )H Ti O OH H O H Ti O   (5.6) 
2 2 5 2 22H Ti O H O TiO   (5.7) 
The main experimental challenge was to retain the nanotubular structure during calcination since 
at high temperatures TNT tends to agglomerate and evolve into anatase nanoparticles. 
Accordingly, the hydrothermal preparation conditions (e.g. molarity of NaOH, hydrothermal 
temperature/time, and acid washing) and calcination temperature must be adjusted carefully to 
obtain anatase TNT. Figure ‎5.41 represents the TEM image of TiO2 after hydrothermal treatment 
at 160 °C for 24 h followed by calcination at 450 °C for 2 h. The tube sizes are difficult to be 
estimated with acceptable accuracy from TEM images, however, the inner diameter mainly 
ranges between 6-10 nm. Considering Figure ‎5.41c, nanotubes have a multiwall morphology and 
the distance between successive layers is approximately 0.726 nm. As can be seen from the XRD 
patterns in Figure ‎5.41d, all the diffraction peaks of TNT can be indexed to anatase phase. This 
observation is in good agreement with previous works that reported only anatase phase was 
formed after calcination of H-titanate nanotubes at high temperatures [239]. There are several 
possible formation mechanisms for titania nanotubes [240-242]. It has been proposed that the 
mechanism of transformation of titania nanoparticles precursor into tubular structure entails a 
scrolling/wrapping of single-layer titanate nanosheets [241]. 
The absence of sodium contamination (judged from the XPS results) demonstrates the good ion-
exchange ability of the layered titanates, which facilitated the removal of Na during the acid 
washing step. Trace amount of Cl on the surface of TNT is found in the survey spectra which 
most probably came from the acid washing step. Judging from the high-resolution spectrum of O 
1s region, the final calcination at high temperature removes a significant portion of the surface 
OH groups. Additionally, post-thermal treatment substantially improved the degree of 
crystalinity (sharpness of peaks in Figure ‎5.41d) and only a small number of surface defects (e.g. 




Figure ‎5.41 TEM images (a and b), HR-TEM image (c), and XRD pattern of TNT 
 
Figure ‎5.42 XPS spectra of O 1s and Ti 2p regions of TNT 
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5.3.2.1.5. Titania 3-D sea-urchin like  
Figure ‎5.43 presents the FE-SEM images and XRD pattern of solvothermally prepared urchin-
like structure. In the present work, by sea urchin-like morphology we mean three dimensional 
micrometer-sized titania particles, which are basically composed of numerous one dimensional 
rod-like (or spindle-like) structures along the radial direction from the core to the surface. It 
needs to be highlighted that similar to TNT, the as-prepared TSU showed very low crystallinity, 
which necessitated a post-thermal treatment to reach anatase phase and promote sufficient crystal 
growth. Taking into account the properties of the solvent (i.e. ethylene glycol), having a poor 
crystallinity for the as-prepared TSU is understandable. The large dielectric constant of EG (38.7 
at 20 °C) leads to high solubility of TiO2 nuclei because of the increased solvation energy [243]. 
This, together with the high boiling point of EG (197.8 °C) reduces the supersaturation degree, 
slows down the rate of crystallization, and ultimately deteriorates the crystalline quality. Despite 
its beneficial impact on crystallinity, it was noticed that the calcination process adversely affects 
the urchin-like morphology and causes a slight sintering (Figure ‎5.43a) and inevitable 
deformation. Regarding the formation mechanism of TSU, it is believed that the initial reaction 
between TBOT and NaOH aqueous solution results in the formation of primary TiO2 
nuclei/crystals due to fast TBOT hydrolysis (as was also experimentally witnessed during the 
preparation). Upon subsequent addition of EG, these primary particles act as support surfaces for 
agglomeration and growth of spindle-like structures. In this context, Jiang et al. [244] reported 
preparation of metal oxide nanowires via an EG-mediated synthesis route. As a result, it is 
hypothesized that EG is responsible for further nucleation and anisotropic growth of rods. Based 
on the XPS survey spectra, no impurity (e.g. Na or Cl) was introduced into (or remained on) the 
surface of TSU during the solvothermal treatment and acid washing steps. Figure ‎5.44 shows 
high-resolution XPS spectra of O1s region after Gaussian curve fitting, revealing presence of 
three different oxygen species on TSU surface. Strong peaks at 530.5 and 531.8 eV are 
respectively ascribed to lattice oxygen and surface OH. Interestingly, unlike the impact of 
calcination on TNT, TSU exhibits a considerable amount of surface OH in spite of being 
calcined at 550 °C, suggesting that these OH groups are strongly bonded to the surface. 
Additionally, a third peak appeared at 533.44 eV, which cannot be attributed to any compound 




Figure ‎5.43 FE-SEM images (a, b, and c) and XRD pattern (d) of TSU 
 
Figure ‎5.44 XPS survey spectra and high resolution XPS spectra of O 1s region of TSU 
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5.3.2.2. Photocatalytic activity  
To demonstrate the intricate structure-function relationship, the photocatalytic activity of titania 
photocatalysts with various morphologies was examined by degradation of MEK. For 
comparison, the photocatalytic activity of P25 was also measured under identical conditions. The 
key characteristics of photocatalysts and P25 are provided in Table ‎5.10. Except P25, anatase is 
the main phase in all photocatalysts. As can be noted from Table ‎5.10, the relative crystallinity 
and surface area vary in fairly narrow spectra: 1-1.23 and 77.6-90 m
2
/g, respectively. Figure ‎5.45 
displays the comparison of photocatalytic activity (and by-products generation) of developed 
titania samples. Interestingly, despite the fact that crystal phase, degree of crystallinity, and 
surface area do not differ considerably, these morphologies exhibit distinct photocatalytic 
activities, which we believe stem from the intrinsic merits offered by each architecture. 


































TSMS A, B 10.40 1.06 82.50 0.120 3.02 55.5 
TMMS A 16.60 1.13 77.60 0.080 2.21 70.4 
THS A 18.00 1.17 88.20 0.078 1.88   ND 
f
 
TNS A 17.40 1.12 80.30 0.020 1.64 ND 
TNT A 13.50 1.00 90.00 0.080 3.21 ND 
TSU A 18.50 1.23 79.10 0.150 3.36 82.3 
THP A, B 12.70 1.10 85.50 0.130 3.31 60.7 
P25 A, R 25.30 2.86 53.23 0.14 1.02 ND 
a A: anatase, B: brookite, R: rutile; b Relative anatase crystalinity is calculated by dividing the intensity of the anatase (101) 
diffraction peak to that of TNT; c Calculated based on high-resolution XPS spectra of O 1s region; d Calculated based on TGA 
analysis; e Calculated based on high-resolution XPS spectra of Ti 2p region; f Negligible Ti3+ peak 
0-D TiO2 photocatalysts are the most utilized architectures in photocatalytic air purification. 
Considering the fact that photocatalytic reactions happen on the surface of catalyst, it is ideal to 
maximize the exposure of photocatalyst to light and air stream in order to improve the quantum 
efficiency and mass transfer rate. In this regard, TiO2 microspheres has been the focus of 
numerous researches owing to their small primary particle size, high surface-to-volume ratio, 
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large surface area, and high pore volume. In our experiments, MEK removal efficiency over 
TSMS, 31.8%, is the lowest among all prepared samples, and even lower than P25. Apparently, 
the yielded solid microspheres do not provide any structural advantage over nanoparticles. 
 
Figure ‎5.45 MEK removal efficiency and total by-product generation over different morphologies  
One possible justification for TSMS low activity might be the low crystallinity and existence of 




 ratio signifies presence of 
oxygen vacancies in the crystalline framework of TiO2. Oxygen vacancies are ideal 
recombination sites for photogenerated charge carries and can greatly diminish the population of 
hydroxyl radicals. With respect to TSMS, mesoporous microspheres show higher photocatalytic 
activity towards MEK. This may be mainly attributed to the fact that for TMMS, the hierarchical 
mesoporous structure composed of highly crystalline TiO2 nanorods can facilitate the adsorption 
and desorption of reactants and products, respectively. Furthermore, the degree of crystallinity 
and population of surface defects provide TMMS marginal advantage over TSMS. Nonetheless, 
both these structures may suffer from the difficulty in electron transfer between neighboring 
spheres, considering the small contact area among the micrometer spheres. Titania hollow 
spheres offer the second highest MEK removal efficiency (62.5%) among investigated 
morphologies and comparatively small amount of gaseous by-products (164 ppb). A number of 
factors contribute to the superior photocatalytic performance of THS which are elaborated 
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below. It is believed that the hollow structure allows multireflections of UV light inside hollow 





 pairs, and consequently higher photoactivity. The porous shell and hollow structure also 
provide efficient transport pathways for MEK molecules (and by-products) to the interior regions 
of THS and subsequent entrapment of these organics, which boosts the probability of collision 
with reactive species. As witnessed in XPS spectra (Figure ‎5.37), there is a small amount of 
physically adsorbed fluorine on the surface of THS. It has been suggested that surface ≡Ti-F 
groups can trap electrons owed to high electronegativity of fluorine and, as a result, suppress the 
recombination [245]. Lastly, surface-fluorinated catalysts are able to generate free OH radicals 
(not surface-bound 
•
OH) [246, 247] (reactions (8) and (9)), which has larger redox potential 




[246, 248]. These radicals can presumably move within the 
water film formed on hydrophilic titanium dioxide and react with MEK molecules in the liquid 
phase.     
            
            (5.8) 
               







Figure ‎5.46 Schematic illustration of multiple reflections within hollow 
According to our research, titanium dioxide nanosheets by far are superior to all other 
morphologies in degradation of pollutants in air. TNS exhibit an excellent MEK removal 
efficiency, 71.3%, which is roughly two times higher than the removal obtained by P25. More 
surprisingly, considering Table ‎5.10, THS do not possess the highest crystallinity or surface area 
and even have the lowest OH surface density. In the following part, we elucidate several possible 
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reasons for such unique activity observed for THS. Nanosheets are nano-sized flake-shape 
materials with a flat surface, small thickness and cross-sectional dimensions up to several tens of 
micrometers. It is widely accepted that for anatase TiO2, [001] facets are more reactive than the 
thermodynamically more stable [101] facets [207, 232, 249]. The surface energy of different 
facets of anatase TiO2 follows the sequence of [110] 1.09 > [001] 0.9 > [100] 0.53 > [101] 0.44 
J.m
-2
 [250]. The synergistic effect due to the copresence of [001] and [101] facets and the 
transport directions of photogenerated charge carriers are depicted in Figure ‎5.47. 
Photogenerated holes and electrons preferentially migrate toward [001] and [101] facets, 
respectively [251, 252]. Consequently, OH
• 
or oxidation sites are mainly located on [001] facets 
while O2
•-
 or reduction sites are generated on [101] facets. Keeping this in mind, one can 
conclude that the copresence of both facets in TiO2 nanocrystals can greatly enhance the 
photocatalytic activity. Another less investigated factor for superior activity of THS can be the 
higher density of uncoordinated titanium atoms on [001] facet [225, 252]. It has been proposed 
that unsaturated five-coordinated Ti atoms sites take part in the formation of terminal Ti-OH 
species, which are well-known active adsorption sites for VOC molecules [253]. Finally, similar 
to THS, surface fluorination can enhance the charge carriers separation and boost the number of 










 on TiO2 nanosheets and (b) 
surface heterojunction between [001] and [101] facets   
Different from our expectation, fabricated 1-D titania nanotubes did not show very high 
photocatalytic activity (MEK removal efficiency=45.2%) in spite of their large surface area and 
high OHT density compared to most of the samples. One source which could have impaired the 
activity of TNT might be the inadequate crystalline quality. During the synthesis, P25 crystals go 
through several stages of intercalation and deintercalation of guest molecules into and from the 
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crystal lattice. This would swell and distort the original crystal lattice and adversely affect the 
creation of electrons and holes. In addition, even though we did not detect titanate in the 
structure of TNT, small titanate contamination could deteriorate the photocatalytic activity. In 
addition, as shown in Figure ‎5.41, because of the calcination step, the ideal morphology of 
nanotubes is partly destructed, which can interfere with the interfacial charge transfer.  
Hierarchically porous materials with multiscale porosity have drawn attention in photocatalysis 
due to their unique features that result in high pollutant removal rate and enhanced quantum 
efficiency. In these materials, large macropores facilitate light and pollutant molecules transport, 
pores in the mesoscopic scale provide large surface area, and meso/micro pores advance the 
adsorption process. In the present work, two members of this category were synthesized and 
tested: 3-D sea-urchin like and 3-D hierarchically porous. Both TSU and THP exhibit decent 
photocatalytic activities: 49.5 and 48.1% MEK removal efficiency, respectively. Similar to THS, 
these morphologies also benefit from good light harvesting ability (but probably not as 
influential as that for THS) as depicted in Figure ‎5.48. In THP, the macroporous channels could 
serve as light transfer paths for the distribution of photon energy onto the large surface of inner 
photoactive mesoporous frameworks. In the case of TSU, long spindle-like structures could offer 
pathways for fast electrons transfer while high crystallinity and small number of surface defects 
(Table ‎5.10) reduce the electron/hole recombination. The existence of small amount of brookite 
phase in THP could also lead to better charge separation (anatase/brookite heterojunction, 
discussed in section 5.1) and improve the photoactivity.  
 




5.4. Impact of post-thermal treatment 
High degree of crystallinity is an essential feature in photocatalytic oxidation reactions since 
surface and bulk defects can act as recombination centers for photogenerated charge carriers. 
Even though the titanium dioxide photocatalysts prepared via hydrothermal/solvothermal route 
exhibited good crystallinity, further improvement in crystallinity without substantial surface area 





Calcination at high temperatures is a well-known procedure in order to increase the crystallinity 
of amorphous titania derived from sol-gel method. However, upon calcination the porous 
networks drastically collapse and undesired anatase-to-rutile phase transformation occurs. In this 
context, developing new approaches to synthesize highly crystalline and large-surface-area 
photocatalysts is of great importance. In this section, we examined the influence of a preliminary 
hydrothermal treatment prior to the calcination stage (300-800 °C) on the crystallinity, phase 
composition, porous structure, and anatase-to-rutile transition temperature. Furthermore, 
employing a novel solvothermal route, pure anatase titania was prepared in order to further 
investigate the impact of crystalline impurities and crystal size on structural evolution during 
calcination.   
5.4.1. Methodology 
5.4.1.1. Photocatalyst preparation 
7 mL TBOT was added dropwise at a rate of 2 mL/min to 73 mL distilled water in the absence of 
stirring at room temperature. The solution aged for 24 h at ambient temperature (21 ˚C) and 
afterwards the precipitates were filtered. The filtered solids were washed several times with 
distilled water and subsequently dried at 80 ˚C for 12 h. 2.5 g of amorphous titania sample was 
placed in a 100 ml stainless steel autoclave with a Teflon liner and the liner was filled with 
distilled water until it reached 80% filling ratio. The autoclave was heated at a rate of 3 ˚C/min to 
180 ˚C, maintained at that temperature for 12 h, and finally cooled down (-3 ˚C/min) to room 
temperature. The resulting precipitate was filtered, washed with distilled water, and dried at 80 
˚C for 12 h. Finally, the hydrothermally-prepared sample (denoted as H-T) was calcined at 300, 
400, 500, 600, 700 or 800 °C for 2 h (denoted as H-Tx, where x represents the calcination 
temperature).    
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Pure anatase TiO2 could be prepared by a facile solvothermal route with toluene as the solvent 
and TBOT as the titanium precursor. In a typical synthesis procedure, 5 mL TBOT was added 
dropwise to 45 mL toluene under vigorous mixing inside the Teflon liner to obtain a 
homogenous pale-yellow solution. Afterwards, the mixing was stopped and a glass vial 
(capacity=2 mL) containing 1 mL distilled water was fixed on the inner wall of the liner without 
any contact with the reaction solution (depicted in Figure ‎5.49). The hydrothermal reactor was 
sealed carefully and heated at a rate of 3 ˚C/min to 200 ˚C, maintained at that temperature for 12 
h, and finally cooled down (-3 ˚C/min) to room temperature. With increasing the temperature 
during the solvothermal synthesis, the water slowly vaporizes and dissolves in the reaction 
medium, leading to controlled and slow hydrolysis of TBOT. The as-prepared powders were 
collected by centrifugation, washed three times with anhydrous ethanol, and finally dried at 80 
°C for 20 h. It is noteworthy that upon addition of water to the centrifuged liquid, a small amount 
of precipitates were formed, indicating that the hydrolysis of TBOT was not complete. The 
solvothermally-prepared pure anatase (denoted as S-A) was finally calcined at 600 °C for 2 h 
(denoted as S-A600).  
 
Figure ‎5.49 Schematic illustration of different parts of the stainless-steel autoclave during the 
solvothermal synthesis 
The experimental set-up design and operation are explained in details in section 3.1.2. The 
experimental conditions at which PCO tests were performed for this section are given in 
Table ‎5.11.  
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Table ‎5.11 PCO tests experimental conditions  
Parameter Value  Unit 
Pollutant Toluene or MEK  
Inlet concentration 1034 ± 15.4 ppb 
Relative humidity 20.5 ± 1.8  % 
Volumetric flow rate  12 L/min 
Residence time 0.05  s 
Light intensity  5 mW/cm
2 
Temperature 22.5 ± 0.5 °C 
TiO2 concentration 0.97± 0.06 mg/cm
2
 
5.4.2. Results and discussions 
5.4.2.1. Photocatalyst characterization 
The crystal composition and crystal size of titania samples were determined by XRD. 
Figure ‎5.50 illustrates the wide-angle XRD patterns of samples calcined at different 
temperatures. H-T shows a broad peak corresponding to (101) plane diffraction of anatase and a 
smaller one which is indexable to (121) plane diffraction of brookite. The broadening of the 
diffractions peaks stems from the small grain sizes of anatase (7.6 nm) and brookite crystals (8.3 
nm) of H-T. The intensity of anatase and brookite peaks becomes stronger and sharper with 
increasing the calcination temperature up to 500 °C, indicating improvement in crystallinity and 
formation of larger crystals. Further increment in the calcination temperature to 600 °C results in 
complete disappearance of brookite phase; meanwhile, formation of a small amount of rutile in 
the sample is noticed via the obvious peak at 2θ=27.5° corresponding to (110) plane diffraction 
of rutile (JCPDS No. 21-1276). On the other hand, the crystal size of anatase substantially 
increases to 33.8 nm upon calcination at 600 °C, indicating significant crystal growth and 
sintering. The complete anatase-to-rutile phase transformation is seen at 800 °C, at which point 
the sample is 100% rutile.  
Figure ‎5.51 displays the N2 adsorption-desorption isotherms and pore size distributions for H-T, 
H-T400,and H-T600. H-T and H-T400 possess hysteresis loops with a stepwise adsorption and 




Figure ‎5.50 X-ray diffraction patterns of TiO2 prepared under hydrothermal conditions and 
calcined at different temperatures 
The shape of the hysteresis loops is of type H2, associated with narrow necks and wider bodies 
(ink-bottle pores). The porosity and surface area of photocatalysts gradually decrease with 
calcination temperature, as it is evident from the downward shift of the hysteresis loop (i.e. lower 
adsorbed volume) for H-T400 and H-T600. Considering the fact that a portion of the high 
surface area of H-T originates from its amorphous part (14.6%), when the calcination 
temperature is raised the amorphous content and, therefore, the surface area decline. Evidently, 
the pore size distribution of titania samples strongly depends on the calcination temperature. 
Prior to calcination, the H-T sample demonstrates a wider pore size distribution (1.6-8.8 nm) 
with a maximum peak of 6.6 nm. With calcination the pore size distribution range becomes 
narrower and shifts slightly to the right, implying increase in pore size. This could be mainly 
attributed to the partial collapse of the intra-aggregated pores and the crystal growth upon 
calcination. Unlike H-T, H-T400 shows a unimodal distribution of pores with a distribution of 
pores in the mesoscopic range and a mean pore diameter of 7.8 nm. Calcination of H-T at 600 °C 
brings about a dramatic decline in surface area to 14.6 m
2
/g, resulting from the collapse of 
porous structure. This is further confirmed by the pore size distribution presented in Figure ‎5.51, 




Figure ‎5.51 Nitrogen adsorption–desorption isotherms and pore-size distribution of H-T, H-T400, and 
H-T600 
Table ‎5.12 Crystalline, textural, and optical properties of titania photocatalysts 












A B R A B R 
    
H-T  7.6 8.3 - 83.4 16.6 - 14.6 1 155.5 3.2 
H-T300 8.6 9 - 87.7 12.3 - 14.2 1.17 138.0 3.18 
H-T400 10.3 13.4 - 91.5 8.5 - 13.5 1.29 116.1 3.18 
H-T500 14.6 19.1 - 92.0 8.0 - 12.8 1.52 59.5 3.19 
H-T600 33.8 - 46 93.2 - 6.8 9.3 3.4 14.6 3.1 
H-T700 - - 61.5 3.2 - 96.8 7.4 - 8.5 3.05 
H-T800 - - 72.1 - - 100 3.5 - 2.2 3.02 
 
Figure ‎5.52 summarizes the crystalline and textural variations with calcination temperature. As 
consistent trends, surface area and amorphous content gradually decline with calcination 
temperature up to 400-500 °C, and then have abrupt drops for higher temperatures. Similarly, 
crystal size exhibits small changes between 300-500 °C, and then experiences a drastic rise upon 
calcination at 600 and 700 °C. At this temperature, the crystallite size of anatase TiO2 sharply 
increases because of the heat of the phase transformation from anatase/brookite to rutile. At 700 
°C, the intensity of the anatase TiO2 diffraction peak is almost negligible and the anatase mass 
fraction is less than 4%, which does not allow to calculate its crystal size accurately. Since rutile 





Figure ‎5.52 Variations in crystalline and textural properties of photocatalysts with calcination 
temperature  
Table ‎5.12 reports the band gaps (estimated from the Tauc plot based on UV-vis analysis) of 
photocatalysts subjected to different calcination temperatures. The observed differences in the 
band gap can be ascribed to the fact that these samples have different crystalline compositions. 
Since the band gap of rutile (3.0 eV) is smaller than those of anatase and brookite (ca. 3.2 eV), 
with increasing the temperature lower bang gap energies are expected due to the formation of 
rutile phase. On the other hand, the band gap narrowing could be partly caused by the quantum 
size effects of semiconductors. In the quantum size effect, the band gap energy decreases as the 
crystallite size increases [254]. The FTIR spectra (Figure ‎5.53a) of selected samples show a 
broad peak between 3000-3500 cm
-1
 and four small peaks between 2633-3715 cm
-1
. The 




is usually ascribed to water molecules adsorbed on the 
surface via weak hydrogen bonds and some types of hydroxyl groups [144]. The bands at 
frequencies higher than 3600 cm
-1
 are generally assigned to the stretching mode of OH species 
free from hydrogen bonding interactions. The decrease in the intensities of these peaks with 
increased calcination temperature confirms the elimination of surface-adsorbed water and 
hydroxyl groups. Beside the water removal caused by the heat treatment, many surface hydroxyl 
groups are consumed in condensation reactions to form Ti-O-Ti networks. Figure ‎5.53b shows 
the PL spectra of H-T, H-T400, H-T600, and H-T800. The sharp PL peak around 390 nm can be 
attributed to the emission of band gap transition. Figure ‎5.53b reveals that the emission intensity 
decreases with calcination temperature, indicating that the recombination rate was decreased 
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gradually by eliminating the crystal defects in TiO2 structure via calcination at higher 
temperatures. On interesting observation is that the PL intensity of H-T800 is slightly stronger 
than that of H-T600, although the former has a higher degree of crystallinity. This peculiar 
behavior may stem from the following facts. The crystal sizes of H-T600 and H-T800 are 33.8 
(for anatase phase) and 72.1 nm (for rutile phase), respectively. It is well-known that the charge 
carriers bulk recombination becomes more prominent as the crystal size increase since electrons 
and holes must travel a longer distance to reach the surface and take part in photochemical 
reactions. The second reason is the efficient charge separation by anatase/rutile phase junction in 
H-T600 which reduces the probability of recombination (Figure ‎5.54).  
 
Figure ‎5.53 FTIR (a) and photoluminescence spectra (b) of selected photocatalysts 
 
Figure ‎5.54 Possible charge transfer pathways between rutile and anatase: (a) from anatase to rutile; 
(b) from rutile to anatase [16] 
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In Table ‎5.13, a comparison is made between the properties of photocatalysts underwent two 
different preparation routes: (1) Route I: hydrothermal treatment + calcination (this work) and 
(2) Route II: direct calcination [255]. Considering the fact that the amorphous TiO2 precursors 
used in both studies were synthesized under similar conditions, the differences in final products 
result only from the post thermal/hydrothermal treatments. As previously mentioned, it is 
believed that the hydrothermal treatment can effectively improve the thermal stability of anatase 
phase and delay the destruction of porous structure upon calcination. During the hydrothermal 
treatment, the amorphous titania gradually transforms into the crystalline form through further 
hydrolysis/polycondensation reactions and structural rearrangements. In contrast, during 
calcination, the amorphous powder undergoes rapid purification and thermal transformation 
before it could fully react and the crystallites develop well. Consequently, Route I theoretically 
can produce titanium dioxides with better crystallinity and fewer surface defects with respect to 
Route II. Firstly, a comparison between the surface areas of photocatalysts indicates that the 
decrement in the surface area of samples prepared via Route I with calcination temperature is not 
as marked as that of samples of Route II. This clearly implies that the hydrothermal treatment 
improves the thermal stability of the mesoporous framework. For instance, H-T600 possesses a 
surface area of 14.6 m
2
/g while the corresponding sample obtained from Route II is actually 
nonporous with a very small surface area of 0.8 m
2
/g. Similarly, regarding the crystal size and 
anatase-to-rutile transformation, Route I photocatalysts show superior results. The crystal sizes 
of Route I samples calcined at 300-800 °C are in the range of 8.6-72.1 nm, which is much 
smaller than those of the samples subjected to direct calcination (5.9-200 nm). On the other hand, 
even though in both methods rutile appears after calcination at 600 °C, the rutile phase content of 
H-T600 is only 6.8%, while the corresponding sample in Route II contains 12.6% rutile. This can 
be attributed to the fact that lattice defects (e.g. ion vacancies) and impurities can facilitate the 
nucleation of the rutile phase. This may partially support the argument that the increase in 
crystallinity during hydrothermal treatment would result in an elevation of the temperature for 
anatase-to-rutile transformation. As can be seen in Table ‎5.12, the rutile phase formation 
coincides exactly with the disappearance of brookite phase. Consequently, one may postulate 
that throughout the calcination rutile particles originate from brookite nuclei. To examine this 
hypothesis, a pure anatase titania sample (i.e. S-A) was prepared via a novel solvothermal 
method. The preparation parameters of the solvothermal method were adjusted in a way to obtain 
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a degree of crystallinity similar to that of H-T photocatalyst. Therefore, the only differences 
between H-T and S-A photocatalysts are the presence of brookite phase (16.6%) in H-T and the 
slightly larger anatase crystal size of S-A (8.1 vs. 7.6 nm). To investigate the thermal stability of 
S-A and assure removal of the solvent (i.e. toluene), TGA was conducted (Figure ‎5.55). Given 
the small weight loss up to 700 °C, it can be concluded that the S-A photocatalyst has an 
excellent thermal stability. In addition, the weight loss from 30-120 °C, which could be related to 
the evaporation of toluene and water, is only 1.23%, indicating that there cannot be a significant 
amount of toluene residue on S-A.   
Table ‎5.13 Comparison between “hydrothermal+calcination” and direct calcination routes  
 
Route I (our work) Route II ([255]) 
Tcal 
(°C)  













A B R A B R 
 
A R A R 
 
300 87.7 12.3 - 8.6 9 - 138.0 100 0 5.9 - 206 
400 91.5 8.5 - 10.3 13.4 - 116.1 100 0 10.2 - 104 
500 92.0 8.0 - 14.6 19.1 - 59.5 100 0 15.1 - 51 
600 93.2 - 6.8 33.8 - 46 14.6 87.4 12.6 34.1 57.3 0.8 
700 3.2 - 96.8 - - 61.5 8.5 11.3 88.7 43.7 75.9 0.1 
800 - - 100 - - 72.1 2.2 0 100 - >200 0.02 
 
 
Figure ‎5.55 Weight percentage losses as a function of temperature for S-A sample  
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Figure ‎5.56 illustrates the XRD patterns of H-T, S-A, H-T600, and S-A600 (S-A calcined at 600 
°C). Interestingly, unlike H-T600, the S-A600 sample does not show any diffraction peaks 
associated with the rutile phase. This reveals that the presence of a small amount of brookite 
contamination in the H-T600 sample led to the formation of rutile phase at a lower temperature. 
This also suggests that the anatase polymorph is more stable than the brookite phase during 
calcination or, in other words, the anatase → rutile process requires more energy than the 
brookite → rutile process. Another possible piece of evidence for supporting this claim is the 
crystalline compositions of H-T500 and H-T600. H-T500 and H-T600 are composed of 92% 
anatase and 8% brookite, and 93.2% anatase and 6.8% rutile, respectively. Since from 500 to 600 
°C there is no reduction in the content of anatase, the brookite phase should have transformed to 
the rutile phase. After the formation of these preliminary rutile crystals, the anatase to rutile 
transformation happens very fast with calcination at 700 °C, at which point most of the anatase 
crystals (around 96.5%) have transformed to rutile.      
 
Figure ‎5.56 Impact of calcination at 600 °C on crystalline structure of H-T and S-A photocatalysts 
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5.4.2.2. Photocatalytic activity 
The activity of photocatalysts calcined at various temperatures was assessed by degradation of 
toluene and MEK in air. Figure ‎5.57 displays the dependence of toluene and MEK removal 
efficiencies on calcination temperature. As could be expected from the results presented in 
Table ‎5.12, the photocatalytic activity of prepared TiO2 samples considerably varies. The 
hydrothermally-prepared sample (H-T) exhibits high toluene and MEK removal efficiencies 
(48.7 and 46.0% respectively), mainly owed to its large surface area, hierarchically porous 
structure, and good crystallinity (more details in section 5.1). By calcination at 300 °C, the 
photocatalytic activity is enhanced and reaches its optimum values: 52.1% for toluene and 55.9% 
for MEK. This improvement mainly stems from the substantial increment in crystallinity without 
huge loss in the surface area or damage to the hierarchical structure. It can be deduced that at this 
point the best trade-off between the crystallinity and surface area could be achieved. Since gas–
solid heterogeneous photocatalysis is a surface-based process, large surface area is certainly one 
of the key determining factors. Consequently, by increasing the calcination temperature to 500 
°C, the photocatalytic activity sharply declines, suggesting that the enhancement in crystallinity 
(from 1.17 to 1.52) could not compensate for the reduction in surface area (from 138.0 to 59.5 
m
2
/g). For H-T600 and H-T700, toluene and MEK removal efficiencies are lower than 15%, 
which could have originated from the complete destruction of porous structure (loss of 
mesopores, Figure ‎5.51), dramatic crystal growth (Table ‎5.12), formation of rutile phase, and 
surface dehydroxylation (Figure ‎5.53b). Nevertheless, it is interesting to note that if we solely 
consider the influence of these factors on the overall performance of photocatalysts, greater 
performance drops should have been observed, suggesting that other parameters have contributed 
to the relatively good efficiency of H-T600 and H-T700. One justification could be the co-
presence of anatase and rutile in the crystalline structure which leads to better charge carriers 
separation (Figure ‎5.54). On the other hand, given the smaller band gap of rutile compared with 
anatase and brookite, the rutile polymorph has a faster initial rate of photoactivation. In fact, it 
has been suggested that the antenna effect owed to the presence of rutile can increase the chance 
of electron excitation [256]. At 800 °C, no photocatalytic activity is seen for toluene or MEK, 
















5.5. Impact of titanium dioxide support material 
In previous chapters, it has been demonstrated that photocatalytic oxidation can be regarded as a 
promising and efficient indoor air cleaning technology. Nevertheless, widespread application of 
UV-PCO technology in HVAC system of buildings is hampered by a number of practical and 
economic reasons caused by the following shortcomings. The removal efficiency of organic 
compounds (i.e. rate of photocatalytic reactions) is generally not satisfactorily high under actual 
operating conditions chiefly because of the low concentration of pollutants in air. The second 
critical issue is the formation of intermediates/by-products, which not only may result in 
photocatalyst deactivation, but also can pose serious health risks which are, in some cases, 
greater than the original pollutants. Last but not least, significant variations in the performance of 
PCO air purifiers with time and operating conditions (e.g. airflow rate, relative humidity, etc.) do 
not allow manufacturers and consumers to have realistic and reliable estimations of the 
performance to optimize the operation and plan regular regeneration/replacement. In this study, 
the first two above-mentioned challenges were attempted to be resolved by developing new TiO2 
materials with features specifically tailored for indoor air purification purposes (sections 5.1 
through 5.4).  
As briefly explained in section 1.2, as of now, activated carbon adsorption-based air cleaners are 
extensively implemented to capture indoor pollutants; however, once exhausted, the filter is 
either disposed of (harmful to the environment) or regenerated. Activated carbon regeneration is 
usually achieved via thermal reactivation which requires huge amount of energy (i.e. very costly) 
and brings undesirable textural changes in activated carbon (e.g. loss of microporosity).  
In this section, we put forward a possible strategy to circumvent the current drawbacks 
associated with the oxidation-based and adsorption-based cleaning methods. The combination of 
titanium dioxide and activated carbon filter was investigated to concomitantly boost the 
efficiency of UV-PCO system and enable the in-situ regeneration of adsorbent.  
5.5.1. Methodology 
5.5.1.1. Photocatalyst coating on activated carbon filter 
2.0 g of H-Base photocatalyst was added to 100 mL of deionized water and 100 mL of absolute 
ethanol and the resulting mixed suspension was stirred vigorously allowing the TiO2 particles to 
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remain suspended in the solution. The activated carbon filter (Kynol®, BET surface area ~ 800 
m
2
/g) was immersed in the dispersing solution for 5 min and then dried at 110 °C for 2 h. This 
procedure was repeated several times depending on the desired TiO2 surface loading. Finally, the 
titania coated filter was subjected to a thermal treatment at 150 °C for 24 h to completely remove 
the water from TiO2/ACF and stabilize titania powder on the substrate. The advantages of this 
physical coating method are low-cost, simplicity and the possibility of using previously prepared 
photocatalyst with desired characteristics. 
The experimental set-up design and operation are explained in details in sections 3.1.1 and 3.1.2. 
The PCO test conditions for this section are given in Table  5.14. 
Table ‎5.14 PCO tests experimental conditions  
Parameter Value  Unit 
Inlet concentration 1.93 ± 0.06, 4.85 ± 0.10 ppm 
Relative humidity 17.6 ± 2.5  % 
Volumetric flow rate  20 L/min 
Residence time 0.03  s 
Light intensity  5 mW/cm
2 
Temperature 21.5 ± 2.2 °C 
TiO2 concentration 1± 0.05 mg/cm
2
 
TiO2 support material ACF or Nickel foam filter (NFF)  
5.5.2. Results and discussions 
5.5.2.1. SEM characterization  
Figure ‎5.58 illustrates the SEM images of H-Base/NFF and H-Base/ACF as well as their 
corresponding elemental mappings. The EDS elemental mapping was mainly carried out to study 
the distribution of Ti, O, and Ni/C and to confirm achievement of a homogeneous coating on the 
substrate. Considering the uniform distribution of red and green colors (represent Ti and O 
respectively), an acceptably good coating quality could be reached in both cases. It can be 
observed in Figure ‎5.58 that on the surface of support materials there are a lot of titania particles, 




Figure ‎5.58 EDS elemental mappings of H-Base/ACF and H-Base/NFF 
5.5.2.2. Adsorption and photocatalytic degradation of MEK  
In order to have a better understanding of the role of ACF in PCO processes and distinguish 
mere adsorption from “adsorption + photocatalysis”, the adsorption capacity and photocatalytic 
activity of the following systems were compared: uncoated ACF, P25/NFF, H-Base/NFF, 
P25/ACF, and H-Base/ACF. Figure ‎5.59 displays the adsorption performance of various systems 
under dark condition towards 2 ppm MEK at 20% RH. As could be expected from the adsorption 
study presented in section 4.1, P25/NFF shows insignificant adsorption capacity and complete 
saturation of the filter is noticed after only 98 min. Comparatively, H-Base/NFF exhibited a 
much higher capacity for MEK (breakthrough time = 242 min) mainly owed to its larger surface 
area with respect to P25 (155.5 vs 53.23 m
2
/g) as well as its hierarchical porosity. With 
employing ACF as the support material for titania, the adsorption capacity for MEK is 
considerably augmented and 100% breakthrough is seen after ca. 15-19 h. ACF is a highly 
microporous carbon material with a very large pore volume and surface area, which enables huge 
pollutant uptake. The internal region of ACF consists of pores of varying widths: micropores (< 
20 Å), mesopores (20-500 Å), and macropores (> 500 Ǻ). The exact way that adsorption onto 
ACF surfaces occurs is still debated, with the main source of disagreement being the chemistry 
of the carbon surface. Knowing whether the process is based on van der Waals interactions 
(physisorption) with the carbon surface or on chemical reactions with the functional groups 
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(chemisorption) requires more in depth investigations. Nonetheless, the π-π interaction and 
donor-acceptor complex are among the most widely accepted theories for adsorption on activated 
carbon. The uncoated ACF shows the highest adsorption capacity for MEK, which suggests that 
the active surface area was diminished after titania coating. It is noteworthy that since ACF is a 
hydrophobic material, water does not interact strongly with the solid [257]. This can be 
particularly advantageous when dealing with air streams with high levels of humidity. However, 
even in the case of ACF, at high humidity, the moisture adsorption increases sharply due to 
capillary condensation and the adsorbed water fills the small pores in ACF, interfering with the 
adsorption of organic compounds. In our experiments, it can be assumed that the adsorption of 
MEK on P25/NFF or H-Base/NFF was more adversely affected by the presence of humidity with 
respect to that on P25/ACF or H-Base/ACF.  
 
Figure ‎5.59 Dark adsorption of MEK on various photocatalytic air filters  
During the first stage (Figure ‎5.59), the UV lamps are off and the MEK stream is passed through 
the photocatalytic bed until MEK concentration in the outlet stream equaled the inlet 
concentration (i.e. complete saturation). Once an equilibrium state between MEK adsorption and 
desorption was attained, the UV light was switched on and the trend in MEK concentration in the 
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outlet stream was followed with time [258, 259]. It should be mentioned that the concentration of 
MEK and by-products in this stage is determined (every 3 h) by HPLC analysis. Generally, two 
different behaviors are observed depending on whether the support material was NFF or ACF. 
For P25/NFF and H-Base/NFF, the outlet concentration of MEK gradually decreases due to the 
photocatalytic destruction of MEK until it reaches a quasi steady-state value. The steady-state 
MEK removal efficiency over P25/NFF is roughly 23.5%, while for H-Base/NFF it is 36.3%. 
This is simply attributable to the superior features of H-Base compared with P25 elaborated in 
section 5.1. Contrarily, for P25/ACF, H-Base/ACF, and ACF, an increase in the MEK outlet 
concentration is noted with respect to the inlet concentration when the UV-light is switched on. 
This is due to a complex trade-off between photocatalytic oxidation and desorption phenomena. 
Even though a portion of MEK participates in degradation reactions over TiO2 when the UV-
light is switched on, it is not possible for the photocatalyst to oxidize all pre-adsorbed MEK 
together with the incoming MEK. The magnitude of the initial peak in MEK concentration 
noticeably varies with the applied system. For uncoated ACF, no photocatalytic reaction can be 
envisaged; thus, a huge desorption peak (which is also exacerbated by the rise in temperature 
(around 4 °C) after the UV lamps are tuned on) is witnessed. The desorption of MEK from the 
uncoated ACF lasts for several hours until the outlet concentration equals the inlet one. At this 
point, MEK removal efficiency for uncoated ACF is literally zero and regeneration is necessary. 
For P25/ACF and H-Base/ACF after the initial peak, the concentration sharply drops and reaches 
a quasi steady-state condition after roughly 18 h of turning on the UV lamps. The steady-state 
MEK removal efficiency are 45.0 and 62.1% over P25/ACF and H-Base/ACF, respectively. For 
both P25 and H-Base photocatalysts, substitution of NFF with ACF leads to huge improvements 
in the removal ability of the filter (21.5-25.85 %). Figure ‎5.61 depicts the total amount of 
generated by-products during photo-oxidation of MEK on various air filters. Considering the 
absence of any catalytic reaction over uncoated ACF, no by-products was detected in the 
downstream of the filter. For all systems, the main by-products are acetone, acetaldehyde, and 
formaldehyde, while in the case of P25/NFF and H-Base/NFF very small quantities of 
propionaldehyde were also found. Three hours after the UV lamps were switched on, for all 




Figure ‎5.60 Photocatalytic degradation of MEK on various photocatalytic air filters 
At this point, as could be inferred from Figure ‎5.60 as well, still there are plenty of pre-adsorbed 
MEK on the surface of the substrate and titania. This situation promotes two phenomena: (i) fast 
reaction rate because of the high concentration of MEK on titania and (ii) occupation of the 
majority of adsorption sites on activated carbon by MEK molecules. Both (i) and (ii) could 
reasonably explain the high concentration of by-products along with the high concentration of 
MEK (Figure ‎5.60). For the first six hours of operation under UV light, the amounts of by-
products were higher for ACF supported titanias in comparison to NFF supported ones, which 
could be justified as follows. The amount of pre-adsorbed MEK on NFF supported titanias is 
much smaller than that on ACF supported ones; therefore, upon illumination, more MEK 
molecules go through oxidation reactions over P25/ACF and H-Base/ACF, leading to formation 
of more by-products. Additionally, despite the fact that ACF has a large surface area and can 
host the formed by-products, during the first few hours, most of the active sites are still occupied 
by MEK and unavailable to other molecules. Once the steady-state MEK removal is reached 
(roughly after 15 h), the amount of by-products in the gas-phase becomes much lower for the 




Figure ‎5.61 Total amount of generated by-products during MEK degradation on various 
filters 
5.5.2.3. Mechanism for the enhanced activity of TiO2/ACF  
In buildings, concentration of VOCs is in the ppb or sub-ppb ranges and the contact time 
between the catalytic air filter and pollutants is extremely short. Under these circumstances, the 
overall performance of an air purifier is controlled by both the adsorption capacity and 
photoactivity of the catalyst. In this regard, it is believed that the combination of activated carbon 
filter (i.e. adsorption) and titanium dioxide (i.e. photocatalysis) can be beneficial in several ways 
which are elaborated below. The synergistic effect of absorption and photocatalytic degradation 
of MEK is shown in Figure ‎5.62.  
1) Given the high affinity and capacity of activated carbon for air pollutants, via adsorption, 
a high concentration zone of reactants is built near TiO2 particles. This followed by the 
transfer/diffusion of VOC molecules to photocatalytically active sites and/or hydroxyl 
radicals. In essence, ACF concentrates the VOC around (or continuously supplies VOC 
to) TiO2 and enhances the reaction rate.  
2) Considering the extremely fast recombination rate of charge carriers, adsorbed organic 












































lifetime. More electron-hole pairs means a greater population of hydroxyl radicals for 
oxidation of VOCs and by-products.   
3) ACF adsorbs and increases the retention of intermediates through re-adsorption, thus 
allowing chain photocatalytic reactions to proceed more easily than over TiO2/NFF. 
Consequently, a higher degree of mineralization to CO2 and H2O and a lower quantity of 
harmful by-products are achieved.   
4) Photocatalytic degradation of MEK can extend the breakthrough time of ACF. MEK 
adsorbed on the external surface is first catalytically oxidized by TiO2, resulting in a 
concentration difference between the exterior and interior of ACF. This difference acts as 
a driving force and initiates the migration of MEK from the internal micropores and 
mesopores of ACF to regions with TiO2 particles. This pollutant transfer cycle 
continuously repeats and gives rise to an in-situ regeneration of ACF. 
5) The adsorption competition among VOC, water vapor, and by-products molecules is 
greatly lessened by copious adsorption sites provided by ACF.   
It is worth mentioning that the surface chemistry of activated carbon plays a critical role in 
having the suggested synergistic mechanism. The strength of interaction between the adsorbates 
and activated carbon should not limit the ability of organic molecules to maneuver within the 
pores of ACF. In other words, a carbonaceous material with the right adsorption strength will 
allow MEK molecules trapped within the porous matrix to transfer closer to the surface of TiO2 
where highly reactive species are produced.  
 




5.5.2.4. Effect of TiO2 loading on ACF 
A series of TiO2/ACF filters with different TiO2 contents were prepared to study the influence of 
photocatalyst content on the removal efficiency and by-products generation (Figure ‎5.63). With 
increasing the amount of titania on activated carbon filter, MEK removal efficiency gradually 
increases and reaches its optimal value, 37.2%, at a loading density of 8 mg/cm
2
. On the one 
hand, by increasing the amount of TiO2, the adsorption capacity of ACF for MEK is reduced. 
The most likely reason for this behavior is the blockage of internal surfaces of ACF (surface of 
mesopores and micropores) by TiO2 particles. Decrement in TiO2-ACF composite surface area 
and pore volume with raising photocatalyst weight percent has been reported by several 
researchers [260, 261]. On the other hand, a larger titania loading provides more active sites for 
creation of oxidizing agents, which in turn advance the photocatalytic oxidation of MEK. 
Evidently in our experiments, the promoting effect of titania always overpowers the reduction in 
adsorption capacity, leading to a positive correlation between removal efficiency and loading. 
Additionally, considering the fact that activated carbon absorbs light both in visible and UV 
regions, the external surface of ACF should be entirely covered with titania particles, otherwise, 
the light utilization efficiency severely drops.  
 
Figure ‎5.63 Influence of H-Base loading over ACF on MEK removal efficiency and by-
products generation; MEK inlet concentration=5 ppm 
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It is also interesting to note that after the initial sharp increment in the removal efficiency with 
TiO2 loading (from 1 to 4 mg/cm
2
), increasing the amount of titania did not substantially affect 
the MEK degradation rate. It seems that at low loadings, the overall performance is controlled by 
the number of reactive species on titania, while at higher loadings, a combination of adsorption, 





















6. Conclusions and recommendations  
6.1. Summary and conclusion 
The aim of this research was the development, characterization and evaluation of hierarchical 
TiO2 photocatalysts with enhanced activity for photocatalytic oxidation in the gas phase for 
indoor air purification purposes. Toluene and MEK, two prevalent VOCs in residential and 
commercial buildings, were chosen as probe pollutants. For the photocatalysts preparation, 
various hydrothermal/solvothermal synthesis approaches were employed. The synthesis 
parameters including hydrothermal preparation time, temperature, pressure, pH, solvent, type of 
acid/base, titanium precursor, and calcination temperature were varied in order to study their 
impact on photocatalysts' properties and activity. TiO2 properties including crystallinity, band 
gap, crystal phase, crystal size, surface area, porosity, surface chemistry, light-harvesting ability, 
exposed facet, and charge-separation efficiency were characterized by a wide range of analytical 
techniques such as X-ray diffraction, electron microscopy, N2 adsorption, UV-vis spectroscopy, 
photoluminescence, thermo gravimetric analysis, hydroxyl radical analysis, Fourier transform 
infrared spectroscopy, and X-ray photoelectron spectroscopy. The photocatalytic performances 
were assessed in a single-pass small scale photoreactor with capability of operating in wide 
ranges of operating conditions such as relative humidity, airflow rate, light intensity, and 
pollutant concentration.    
The following section summarizes the main findings and results of the work.  
Major findings in Chapter 4 section 1: 
 The adsorption capacity for MEK (a highly polar compound) was much higher than that 
of toluene (a non-polar compound) on all photocatalysts, regardless of the humidity 
content.  
 Relative humidity negatively affects the adsorption capacity for both MEK and toluene, 
however to different extents due to the differences in water solubility and polarity.  
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 FTIR characterization of MEK/toluene saturated titania samples revealed that isolated 
OH groups (both terminal (Ti-OH) and bridged (Ti-OH-Ti)) serve as highly active 
adsorption sites for volatile organic compound molecules.  
 In the case of MEK, high electron-donor ability of carbonyl group provides the 
possibility of H-bonding to the surface hydroxyl groups of titania. On the contrary, 
physisorption of toluene on TiO2 surface takes place via weak Π-bonding to surface 
hydroxyls.  
 FTIR characterization of samples after static adsorption of MEK or toluene showed that 
isolated hydroxyl groups red-shifted or completely/partially disappeared after VOC 
adsorption. These results reveled that there is a strong interaction between VOC 
molecules and isolated hydroxyls groups on titania surface.  
Major findings in Chapter 4 section 2: 
 Despite possessing lower crystalinity, PC500, UV100 and S5-300A outperformed P25 in 
toluene and MEK removal efficiency, primarily owed to their larger surface area, smaller 
crystal size, and higher concentration of surface hydroxyl groups.  
 By increasing the RH from 0 to 20%, the pollutant removal efficiency improved mainly 
due to the formation of more hydroxyl radicals via reaction between adsorbed water with 
holes. At RH=50%, the removal efficiency declined due to the adsorption competition 
between VOC and water molecules over active sites on titania and also the presence of 
well-organized water film on TiO2 which prevents effective contact between pollutants 
and catalyst surface.  
 Micro/meso porous structures of UV100 and PC500 facilitated the adsorption of 
pollutants on TiO2 coating, resulting in the higher activity for PC500 and UV100 
compared to P25.  
 Regardless of the catalyst type, VOC removal efficiency always decreased with 
increasing the airflow rate or inlet concentration. Parallel to that, almost always a larger 
quantity of by-products was detected in the gas phase as residence time or inlet 
concentration raised.  
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 As the light intensity decreased, the VOC removal efficiency sharply declined since at a 





pairs are formed.  
 Given the more efficient light utilization by P25, the decrement in light intensity less 
adversely affected the removal efficiency of P25 with respect to other samples.  
Major findings in Chapter 5 section 1: 
 All the hydrothermally-prepared samples using different hydrothermal times (1-48h), 
temperatures (100-220 °C), and filling ratios (20-90%) possessed good crystallinity 
(79.5-89 %), large surface area (134.9-237.2 m
2
/g), small crystal size (5.9-10 nm), and 
mesoporous structure. 
 SEM images revealed presence of macropores and marcochannels, and N2 adsorption-
desorption and TEM analyses indicated a significant amount of mesopores. 
 The fluorescence intensity normalized by the sample surface area could be satisfactorily 
correlated with the relative anatase crystallinity, indicating that the level of crystallinity 
mainly governs the formation rate of 
•
OH. 
 The hydrothermal time and temperature had significant effects on the properties of 
yielded products and consequently the photoactivity, while comparatively autoclaving 
filling ratio was much less influential. 
 With increasing the hydrothermal time or temperature, the relative anatase crystalinity, 
crystal size, and pore size increased, contrarily, specific surface area and porosity 
diminished. 
 Photocatalyst prepared at 12 h, 200 ˚C, and 80% filling ratio exhibited the best toluene 
and MEK removal efficiencies, which surpassed those of P25 by factors of 2.08 and 1.85 
times, respectively. The superior photocatalytic activity of developed TiO2 catalysts 
might be attributed to high surface area and existence of meso-/macropores that provide a 
large number of active sites, and facilitate light penetration and pollutants diffusion. 
 The activation energy for anatase-to-brookite transformation is smaller than that of 
brookite-to-rutile transformation. Therefore, the A→B transition can proceed at low 




 The increment in pore sizes and the reduction in surface area at more severe 
hydrothermal conditions can be attributed to the fact that smaller pores bear greater stress 
than the bigger ones; so, during hydrothermal synthesis smaller pores collapse sooner. 
 
Major findings in Chapter 5 section 2: 
 The key characteristics of photocatalysts including crystallinity, surface area, crystal size, 
OH population, morphology, and porosity could be tailored by varying the pH of 
hydrothermal solution or acid type.  
 As general trends, crystallinity, crystal size, and e--h+ separation efficiency improved 
with the pH of aqueous solution while surface area, mesoporosity, surface OH density, 
and brookite content declined. 
 XRD and HR-TEM confirmed that the yielded titania samples possess good crystallinity 
and mainly consist of anatase. 
 Results of XPS analysis indicated that the population of hydroxyl groups on the surface 
of TiO2 declines as the pH of preparation stage increases. 
 Photoluminescence spectroscopy revealed that the enhancement in crystalinity has a huge 
impact on the separation of photo-induced charge carriers. 
 Depending on the operating parameters, the highest photocatalytic activity was reached 
on different titania samples, meaning that the determining step varies with the 
characteristics of catalyst. 
 Under the harshest operating condition (residence time=0.012 s, relative humidity=50%, 
concentration= 1000 ppb), the TiO2 synthesized at pH of 4 using nitric acid achieved the 
highest MEK removal efficiency, 36.9%, which substantially surpassed that of P25, 
14.5%. 
 Degradation byproducts in the gas-phase were acetaldehyde, formaldehyde, acetone, and 
propionaldehyde, the last of which was newly identified in the current study. 
 A tentative reaction pathway for MEK photodegradation was proposed, comprising H-




 Formation of anatase and brookite phases under mildly acidic and basic hydrothermal 
environments were discussed in the context of Ostwald step rule, arrangements of TiO6 
octahedra in different phases, and surface protonation. 
 The ability of acids to form anatase phase followed the sequence of formic > sulfuric > 
acetic > nitric ~ chloric. 
 Most of the developed photocatalysts reached HRIs below or close to one under actual 
operating conditions (i.e. low concentration), meaning we have a reliable and safe air 
purification system. 
Major findings in Chapter 5 section 3: 
 The formation mechanism of TSMS could be explained by Van der Waals forces. To 
lower the surface energy, nucleated particles form agglomerates and by forming spherical 
agglomerates the minimum surface-to-volume ratio and thus minimum surface free 
energy can be reached. 
 The hierarchical structure of TMMS was inspected by SEM and TEM. The surface of 
TMMS is covered with numerous tiny square nanoplates. The spheres were composed of 
1-D nanorods that are aligned radially from the center. 
 Using sulfuric acid in the hydrothermal solution could slow down the hydrolysis and 
growth rates and, consequently, offered a better control over the morphology of TMMS.  
 Porous hollow spheres (THS) could be fabricated by a single-step hydrothermal method 
in the presence of NH4F. 
 During THS synthesis, because of the higher solubility and surface energy of amorphous 
core compared to the outer surface, the dissolution (via F¯ ions) and hollowing processes 
preferentially acted on the center of sphere. 
 The high crystalline quality of THS and TNS originated mainly from in-situ dissolution–
recrystallization in the presence of fluoride ions. 
 TNS with high aspect ratio could be prepared via a solvothermal route at relatively low 
hydrothermal temperature. Instead of HF, TiF4 was applied as the source of structure 
directing agent along with 2-propanol as the protective capping agent. 
 TNS consisted of well-defined sheet-shaped structures with a rectangular outline with 
lateral dimensions of 50-70 nm and thickness of about 4.5-6.5 nm. 
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 For TNS, TEM analysis confirmed formation of truncated octahedra shape with [001] 
and [101] facets as the face and edge planes. The percentage of [001] facets of developed 
TNS was estimated to be around 83%. 
 During preparation of titania nanotubes, the main experimental challenge was to retain 
the nanotubular structure during calcination since at high temperatures TNT tends to 
agglomerate and evolve into anatase nanoparticles. 
 Sea urchin-like morphology was composed of numerous one dimensional rod-like (or 
spindle-like) structures along the radial direction starting from a common core. 
 For TSU, initial reaction between TBOT and NaOH produced primary TiO2 crystals 
which served as islands for growth of spindle-like structures after addition of EG. 
 Despite the fact that crystal phase, crystallinity, and surface area were almost similar, 
different morphologies exhibited distinct photocatalytic activities. 
 Except solid microspheres, all other morphologies exceeded commercial P25 in removal 
of MEK.  
 TMMS good activity was ascribed to the hierarchical mesoporous structure composed of 
highly crystalline TiO2 nanorods that facilitate the adsorption and desorption of reactants 
and products.  
 THS high photoactivity was explained by: i. multireflections of UV light inside hollow 
spheres increased light harvesting ability; ii. porous shell and hollow structure provided 
efficient transport pathways for MEK molecules to the interior regions of THS. 
 Titanium dioxide nanosheets by far were superior to all other morphologies in 
degradation of pollutants in air. TNS exhibited an excellent MEK removal efficiency, 
71.3%, which was two times higher than the removal obtained by P25. 
 The excellent activity of TNS was attributed to: i. existence of more reactive [001] facet; 
ii. higher density of uncoordinated titanium atoms on [001] facet which encouraged 
formation of terminal Ti-OH species; iii. surface fluorination which enhanced the charge 
carriers separation.  
Major findings in Chapter 5 section 4: 
 Surface area and amorphous content gradually declined with calcination temperature up 
to 400-500 °C, and then showed sudden drops for higher temperatures. Crystal size 
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showed small changes between 300-500 °C, and then experienced a drastic increase upon 
calcination at 600 and 700 °C.  
 The first rutile crystals were formed after calcination at 600 °C. At 700 °C, the content of 
anatase TiO2 was almost negligible and sample was 96% rutile. The complete anatase-to-
rutile phase transformation was seen at 800 °C. 
 Route I (hydrothermal treatment + calcination) could lead to titanium dioxides with better 
crystallinity and fewer surface defects with respect to Route II (direct calcination). 
 Decrease in surface area of samples prepared via Route I after calcination was not as 
severe as that of samples of Route II, implying that the hydrothermal treatment improved 
the thermal stability of mesoporous framework. 
 Increase in crystallinity during hydrothermal treatment would result in an elevation of the 
temperature for anatase-to-rutile transformation. 
 Presence of a small amount of brookite contamination in the catalyst led to the formation 
of rutile phase at a lower temperature, suggesting that the anatase polymorph is more 
stable than the brookite phase during calcination.  
 After hydrothermally-prepared sample calcined at 300 °C, the photocatalytic activity 
enhanced and reached its maximum among all samples calcined between 300 and 800 °C. 
This was attributed to the substantial increment in crystallinity without huge loss in the 
surface area or damage to the hierarchical structure. 
Major findings in Chapter 5 section 5: 
 The uncoated ACF showed the highest adsorption capacity for MEK, suggesting that the 
active surface area was diminished after titania coating. 
 Combination of titanium dioxide and activated carbon filter exhibited better efficiency 
compared to TiO2 coated on nickel foam as well as superior stability with respect to 
uncoated activated carbon filter. 
 The steady-state MEK removal efficiency over P25/NFF, H-Base/NFF, P25/ACF and H-
Base/ACF were 23.5, 36.3, 45.0, and 62.1% respectively. 
 Thanks to ACF high adsorption affinity and capacity, ACF concentrated MEK molecules 
around (or continuously supplied VOC to) TiO2 and enhanced the reaction rate. 
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 Photocatalytic degradation of MEK could effectively increase the breakthrough time of 
ACF. MEK adsorbed on ACF surface is continuously oxidized by TiO2, giving rise to an 




















6.2. Recommendations for further research 
Based on the findings of this research, extensive literature review, and knowledge of the main 
shortcomings of current commercial indoor air purification units, in the following section, 
several possibilities for future work concerning the fabrication of new photocatalysts and 
assessment of the catalysts developed in this thesis for practical applications are put forward.     
 Developing more advanced correlations between photocatalyst‟s properties and activity based 
on the experimental data presented in this study and in the literature by means of machine-
learning based regression.   
 Given the superior performance of titania hollow spheres and titania nanosheets, further 
investigation to optimize the key features of these promising morphologies for indoor air 
purification can be a very interesting field of research.  
 Study the connections between other hydrothermal/solvothermal preparation variables (e.g. 
solvent characteristics) and the properties of yielded titania photocatalysts.  
 This work was conducted in a small scale photoreactor for degradation of a single VOC 
(toluene or MEK). Evaluating the performance of photocatalysts in full scale and under more 
realistic operating conditions (mainly shorter residence time) is of great practical importance.  
 In indoor environment a variety of VOCs exist, thus, the performance of photocatalysts need 
to be assessed towards a mixture of VOCs since the removal efficiency, degradation 
pathways, and generated by-products for toluene/MEK might be affected by the interference 
of other compounds. 
 Photocatalytic air filter preparation cost and energy consumption associated with the UV-PCO 
system should be determined based on the operation protocols of air handling units of 
buildings. Subsequently, these values should be compared with those of conventional air 
cleaning technologies (e.g. adsorption) to estimate UV-PCO system competitiveness. 
 More effective and reliable immobilization techniques must be established to coat the 
previously-prepared photocatalysts on various support materials.   
 Long-term experiments of photocatalysts must be conducted in order to investigate the 
deactivation mechanism and magnitude.  
 TiO2 materials developed in this study might be applicable to other fields of catalysis such as 
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